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ABSTRACT
The reverse shock in the ejecta of core-collapse supernovae is potentially able to de-
stroy newly formed dust material. In order to determine dust survival rates, we have
performed a set of hydrodynamic simulations using the grid-based code AstroBEAR
in order to model a shock wave interacting with clumpy supernova ejecta. Dust mo-
tions and destruction rates were computed using our newly developed external, post-
processing code Paperboats, which includes gas drag, grain charging, sputtering and
grain-grain collisions. We have determined dust destruction rates for the oxygen-rich
supernova remnant Cassiopeia A as a function of initial grain sizes and clump gas den-
sity. We found that up to 30% of the carbon dust mass is able to survive the passage
of the reverse shock if the initial grain size distribution is narrow with radii around
∼ 10 − 50 nm for high gas densities, or with radii around ∼ 0.5 − 1.5 µm for low and
medium gas densities. Silicate grains with initial radii around 10−30 nm show survival
rates of up to 40% for medium and high density contrasts, while silicate material
with micron sized distributions is mostly destroyed. For both materials, the surviving
dust mass is rearranged into a new size distribution that can be approximated by two
components: a power-law distribution of small grains and a log-normal distribution
of grains having the same size range as the initial distribution. Our results show that
grain-grain collisions and sputtering are synergistic and that grain-grain collisions can
play a crucial role in determining the surviving dust budget in supernova remnants.
Key words: supernovae: general – ISM: supernova remnants – dust, extinction –
methods: numerical – hydrodynamics – shock waves – supernovae: individual: Cas-
siopeia A
1 INTRODUCTION
Dust is omnipresent in the Universe and plays a key role
across the astrophysical spectrum: from galaxy evolution to
star and planet formation. Yet, the origin of dust, as well
as its initial physical properties remains a matter of debate.
Generally, there are believed to be two main stellar produc-
tion sites of cosmic dust. First, dust has been shown to form
in the ejecta of supernova explosions (Barlow et al. 2010;
Gall et al. 2011; Matsuura et al. 2011; Gomez et al. 2012;
Wesson et al. 2015; Bevan et al. 2017; De Looze et al. 2017).
Second, dust is produced in the winds and outer shells of
evolved stars such as asymptotic giant branch stars (AGBs;
Woitke 2006; Zhukovska et al. 2008; Matsuura et al. 2009;
? E-mail: f.kirchschlager@ucl.ac.uk
Olofsson et al. 2010; Schneider et al. 2014; Dell’Agli et al.
2015; Maercker et al. 2018).
Significant quantities of dust have been observed in
galaxies and quasars in the early universe (Pettini et al.
1994; Bertoldi et al. 2003; Watson et al. 2015). ALMA ob-
servations have recently revealed a dusty galaxy at red-
shift 8.38, emitting only ∼ 200Myr after the onset of cos-
mic reionisation (Laporte et al. 2017). Given the short evo-
lution timescale of massive stars, core collapse supernovae
(CCSNe) are assumed to be significant producers of dust in
the early Universe.
It is well established that dust grains can form in the
ejecta of CCSNe (e.g. Lucy et al. 1989; Wooden et al. 1993;
Meikle et al. 1993; Bouchet & Danziger 1993). Classical nu-
cleation theory (Kozasa et al. 1989; Schneider et al. 2004)
and the chemical kinetic approach under non-equilibrium
© 2019 The Authors
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conditions followed by subsequent coalescence and coagula-
tion of clusters (Cherchneff & Lilly 2008; Sarangi & Cherch-
neff 2013) are the most common theories to form dust grains
in the ejecta. However, the radii of the newly formed grains
are not well determined. For a progenitor mass of 15−25M,
carbon grains are predicted to have radii of ∼ 1 − 150 nm,
forsterite grains to have a size of ∼ 1 − 30 nm, and MgSiO3,
Mg2SiO4, and SiO2 grains ∼ 0.5 − 100 nm (Todini & Ferrara
2001; Nozawa et al. 2003; Bianchi & Schneider 2007; Bocchio
et al. 2014; Marassi et al. 2015; Sarangi & Cherchneff 2015;
Biscaro & Cherchneff 2016). On the other hand, the dust
grain radii derived from modelling infra-red continuum ob-
servations as well as by modelling the red-blue asymmetries
of SN optical line profiles are of the order of 0.1µm up to
a few micrometres (Stritzinger et al. 2012; Gall et al. 2014;
Owen & Barlow 2015; Fox et al. 2015; Wesson et al. 2015;
Bevan & Barlow 2016; Bevan et al. 2017; Priestley et al.
2019a). Therefore, grain size ranges of up to three to four
orders of magnitude should be considered when studying
dust in the ejecta of supernova remnants (SNRs). It is com-
monly assumed that the dust grains formed in over-dense
gas clumps in the ejecta instead of a uniform distribution
of dust residing in a homogeneous ejecta medium (Lagage
et al. 1996; Rho et al. 2008; Lee et al. 2015).
While supernovae (SNe) can be significant producers
of dust, a large fraction of the dust can potentially be de-
stroyed by the reverse shock. Moreover, the forward shock
can trigger the destruction of interstellar dust grains. The
net dust survival rate is crucial for determining whether or
not SNe significantly contribute to the dust budget in the
interstellar medium (ISM). This is in particular important
for galaxies in the early Universe where large amounts of
dust have been observed and where CCSNe are assumed to
be significant dust producers. In this paper, we focus on
the dust survival rate in the reverse shock. For supernova
triggered shock waves in the ISM we refer to the studies of
Nozawa et al. (2006), Bocchio et al. (2014) and Slavin et al.
(2015).
Several previous studies have investigated the dust sur-
vival rate in the reverse shock for a wide range of conditions.
Nozawa et al. (2007) found that depending on the energy of
the explosion, between 0 and 80% of the initial dust mass
can survive. The survival rate derived by Bianchi & Schnei-
der (2007) was between 2 and 20%, depending on the density
of the surrounding ISM. Nath et al. (2008) found a survival
rate between 80 and 99%, Silvia et al. (2010) between 0 and
99%, depending on the shock velocities and on the grain
species, Biscaro & Cherchneff (2016) between 6 and 11%,
Bocchio et al. (2014) 1 − 8%, and Micelotta et al. (2016)
10 − 13% and 13 − 17% for silicate and carbon dust, respec-
tively. The different survival rates show a wide diversity and
emphasize the strong dependence on initial dust properties
such as grain size and the dust material. Furthermore, the
survival rate depends on properties of the ejecta such as the
shock velocity and the gas densities in the clumps (Biscaro
& Cherchneff 2016).
In this paper, we focus on the effect of different ejecta
clump gas densities and on the requirements for the initial
dust properties to enable the survival of a significant fraction
of the dust mass. We have developed the code Paperboats
to study the processing of dust grains in a SNR. Unlike many
other studies, both sputtering and grain-grain collisions are
considered as destruction processes, providing a more com-
plete picture of the dust evolution in SNRs. We perform hy-
drodynamical simulations followed by dust post-processing
to calculate the dust destruction in Cassiopeia A (Cas A),
a dusty SNR that has been studied extensively (e.g. Dwek
et al. 1987; Lagage et al. 1996; Gotthelf et al. 2001; Fesen
et al. 2006; Rho et al. 2008; Barlow et al. 2010; Arendt et al.
2014; Micelotta et al. 2016; De Looze et al. 2017) and which
provides a unique laboratory to investigate the destruction
of dust by a reverse shock.
Cas A has a highly clumped structure (e.g. Milisavljevic
& Fesen 2013), with most of its dust mass located in central
regions that have yet to encounter the reverse shock (De
Looze et al. 2017). The survival prospects of this dust when
it encounters the reverse shock is of significant interest –
to assess these prospects we have chosen to model the dust
destruction processes for a single represenative clump, with
typical clump parameters drawn from the work of Docenko
& Sunyaev (2010), Fesen et al. (2011) and Priestley et al.
(2019b).
This paper is the first of a series aiming to understand
the influence of various properties of the ejecta on the dust
destruction rate and to quantify dust masses and grain sizes
that are able to survive this ejecta phase. The present paper
is organised as follows: In Section 2 the Cas A SNR and
its properties are introduced. In Section 3 we describe the
hydrodynamical simulations that have been performed to
simulate the reverse shock impacting an over-dense clump
of gas and dust in the ejecta. Section 4 describes the dust
physics required to achieve our scientific goals and used in
our post-processing code: the dust advection by collisional
and plasma drag are outlined, the comprehensive models for
grain-grain collisions and for sputtering are presented, as
well as the grain charge calculation is described. We then
conduct simulations for different gas densities in the clumps
and different initial dust properties and present the results
along with computed dust survival rates in Section 5. After
a detailed comparison of our results with that of previous
studies in Section 6, we conclude with a summary of our
findings in Section 7.
2 THE SUPERNOVA REMNANT CAS A
Cas A is a Galactic remnant of a SN explosion of a massive
progenitor star ∼ 340−350 years ago, at a distance of 3.4 kpc
and with a radius of 1.7 pc (Reed et al. 1995; Thorstensen
et al. 2001; Fesen et al. 2006). Based on spectra of optical
light echoes, it was classified as a hydrogen-poor type IIb
core-collapse SN (Krause et al. 2008) with an explosion en-
ergy of (1 − 4) × 1051 erg (Willingale et al. 2003; Laming &
Hwang 2003). The main-sequence mass of the progenitor is
estimated to be 15 − 25M and the mass at explosion to be
4 − 6M (Young et al. 2006). The stellar wind of the pro-
genitor formed circumstellar (CS) material (Hwang & Lam-
ing 2009) into which the SN explosion has driven a forward
shock, sweeping up the CS material (8 − 10M; (Borkowski
et al. 1996; Chevalier & Oishi 2003; Favata et al. 1997; Vink
et al. 1996; Willingale et al. 2003) and generating a reverse
shock (McKee 1974; Truelove & McKee 1999).
The SN ejecta has been estimated to have a total mass
of 2 − 4M (Borkowski et al. 1996; Chevalier & Oishi 2003;
MNRAS 000, 1–34 (2019)
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Favata et al. 1997), mostly composed of oxygen (Chevalier &
Kirshner 1979; Willingale et al. 2002). Observations reveal a
complex structure in the ejecta (e.g. Ennis et al. 2006; Smith
et al. 2009; Milisavljevic & Fesen 2013) with material cov-
ering a wide range of densities and temperatures. Dense gas
clumps and knots are observed which are associated with
the location of freshly produced dust material (Lagage et al.
1996; Arendt et al. 1999; Hines et al. 2004; Rho et al. 2008,
2009, 2012). The total dust mass in the ejecta has been de-
rived by different observations and strategies to be ∼ 1M
(Dunne et al. 2009), ∼ 0.06M (Sibthorpe et al. 2010), and
(post-Herschel) ∼ 0.075M (Barlow et al. 2010), 0.3−0.6M
(De Looze et al. 2017), ∼ 1.1M (Bevan et al. 2017), and
∼ 0.6M (Priestley et al. 2019b), while a theoretical study
of dust formation and evolution in Cas A predicted masses
of the order of 0.08M (Nozawa et al. 2010). In order to
be released by the SN and to contribute to the dust budget
of the ISM, the dust material has to survive the passage of
the reverse shock. To simulate a shock wave impacting on
an ejecta clump composed of gas and dust, several physi-
cal parameters are required that are given in the next two
sections.
2.1 Reverse shock and ejecta properties
X-ray observations by Gotthelf et al. (2001) have resolved
the radius of the reverse shock to be Rrev = 1.57 ± 0.17 pc
(95 ′′±10 ′′). The relative velocity between the reverse shock
and the ejecta is constrained to 1000 − 2000 km/s (Lam-
ing & Hwang 2003; Morse et al. 2004; Docenko & Sunyaev
2010) while Micelotta et al. (2016) derived 1586 km/s. The
over-dense clumps in the ejecta with pre-shock gas density
20− 1000 cm−3 (Sutherland & Dopita 1995; Docenko & Sun-
yaev 2010; Silvia et al. 2010, 2012; Biscaro & Cherchneff
2014, 2016; Micelotta et al. 2016) are embedded in an am-
bient (inter-clump) medium with a pre-shock gas density of
0.1 − 10 cm−3 (Borkowski & Shull 1990; Morse et al. 2004;
Nozawa et al. 2003; Micelotta et al. 2016). The observed
clump radii are in the range (0.5−2.5)×1016 cm (Fesen et al.
2011), significantly larger than the knots located outside the
ejecta, at or ahead of the forward shock front (Fesen et al.
2006; Hammell & Fesen 2008). The ambient medium and the
clump gas abundances are dominated by oxygen (Chevalier
& Kirshner 1979; Willingale et al. 2002; Docenko & Sunyaev
2010). The gas-to-dust mass ratio in the clumps is 5 − 10
as derived from modelling of the dust continuum emission
(Priestley et al. 2019b).
2.2 The electron density in Cas A
The electron density ne in a gas depends on the average
charge number z of the gas particles. For a collisionally
ionised, pure oxygen gas, the charge number is calculated as
a function of gas temperature using CHIANTI1, a database
of assessed atomic parameters and transition rates needed
for the calculation of the line and continuum emission of op-
tically thin, collisionally-dominated plasma (Del Zanna et al.
2015; Fig. 1). The gas is mostly neutral (z = 0) for temper-
atures below ∼ 104 K and fully ionised for Tgas & 6 × 106 K,
1 http://www.chiantidatabase.org/
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Figure 1. Charge number z as a function of gas temperature
Tgas for pure oxygen. The grey points show z calculated with
CHIANTI (only collisional ionisation), while the blue points con-
sider also photoionisation, setting a lower limit of z = 1. The red
solid line is a fit to the collisional ionisation and photoionisation
data (equations 1-4).
Table 1. Parameters for the analytic function to calculate the
charge number z of the gas particles (equations 1-4) considering
collisional ionisation and photoionisation.
f1 f2 f3
c1 = 3.345 c4 = 7.213 c7 = 3.245
c2 = 2.91E-29 c5 = 1.6E-30 c8 = 1.084E-21
c3 = 24.531 c6 = 27.353 c9 = 19.567
with O8+ as the dominant gas species at these temperatures.
Photoionisation by shock-emitted radiation can become im-
portant for temperatures around (and below) 2×104 K, how-
ever, CHIANTI considers only collisional ionisation. There-
fore, a lower limit of z = 1 is adopted to take this into ac-
count. Our charge numbers are similar to the values obtained
by Sutherland & Dopita (1995)2, Bo¨hringer (1998) and Do-
cenko & Sunyaev (2010). The dominant oxygen ion in Cas A
is predicted to be O+ (Priestley et al. 2019b).
The charge number is calculated for each cell and at
each time-step of the simulation as a function of tempera-
ture. To reduce calculation times, we fit three exponential
functions to the CHIANTI data set using a least squares
approximation and obtain an analytical expression for the
charge number as a function of the gas temperature Tgas:
f1(Tgas) =max
(
0, 2 − c1 exp
[−c2(ln(Tgas/K))c3 ] ), (1)
f2(Tgas) =max
(
0, 2 − c4 exp
[−c5(ln(Tgas/K))c6 ] ), (2)
f3(Tgas) =max
(
1, 4 − c7 exp
[−c8(ln(Tgas/K))c9 ] ), (3)
z(Tgas) = f1(Tgas) + f2(Tgas) + f3(Tgas). (4)
The nine fitting parameters ci, i ∈ N≤9, are listed in Table 1.
Finally, the electron density is calculated for each cell and at
2 If a misprint for the ion spectroscopic symbols is considered in
Fig. 3 of Sutherland & Dopita (1995), as suggested by Docenko
& Sunyaev (2010).
MNRAS 000, 1–34 (2019)
4 F. Kirchschlager et al.
each time-step as ne = z(Tgas) ngas, where ngas the number
density of the gas (oxygen ions).
3 HYDRODYNAMICAL SETUP
In this section, we describe the set of initial conditions
used to simulate the dynamical evolution of a SNR reverse
shock impacting a clump of ejecta material. For this pur-
pose, the hydrodynamic code AstroBEAR3 (Cunningham
et al. 2009; Carroll-Nellenback et al. 2013) was employed, a
highly parallelised, multidimensional adaptive mesh refine-
ment code designed for astrophysical contexts. It solves the
conservative equations of hydrodynamics and magnetohy-
drodynamics on a Cartesian grid and includes a wide-range
of multiphysics solvers. AstroBEAR is well tested (see for
example Poludnenko et al. 2002; Cunningham et al. 2009;
Kaminski et al. 2014; Fogerty et al. 2016, 2017), is under
active development, and is maintained by the University of
Rochester’s computational astrophysics group.
The AstroBEAR simulations model only the gas phase
of the ejecta environment. For the current analysis of dust
destruction by the reverse shock, dust advection and pro-
cessing have been handled externally, utilizing the density,
velocity and temperature fields given by the hydrodynamical
simulations (see Section 4).
3.1 Model setup
In order to investigate the temporal and spatial ejecta evo-
lution when the reverse shock passes through the SNR, two
different approaches exist: The first one examines the entire
three-dimensional remnant in which the shock impacts the
ejecta material, including over-dense gas and dust clumps,
and the second investigates a section of the remnant in which
one or several clumps are impacted by the reverse shock.
While the first approach is able to explore the global evolu-
tion of the remnant, the second has the advantage of being
able to investigate the destruction of the clumps at higher
resolution. As we are interested in the evolution of the dust,
which might be highly affected by the local gas density dis-
tribution, we pursue here the simulation of a section of the
remnant. This kind of problem is called a cloud-crushing sce-
nario (Woodward 1976) and was already applied by Silvia
et al. (2010, 2012) to investigate dust survival in SNRs.
In our particular problem a planar shock is driven
into an over-dense clump of gas which is embedded in a
low-density gaseous medium (Fig. 2). At the beginning of
the simulation, the ambient medium has a number den-
sity nam = 1 cm−3 of gas particles (oxygen) and a tem-
perature Tam = 104 K. The embedded clump has a spher-
ical shape with radius Rcl = 1016 cm ≈ 668.5 au, a uniform
gas number density of ncl = χnam, and a temperature of
Tcl = 102 K. We vary the initial density contrast χ = ncl/nam,
adopting χ = 100, 200, 300, 400, 600 and 1000. For χ = 100,
clump and ambient medium are in pressure equilibrium.
The shock velocity in the ambient medium is adopted to be
vsh = 1600 km/s following the analytical result of Micelotta
et al. (2016). The shock velocity in the ambient medium is
3 https://www.pas.rochester.edu/astrobear/
vsh
  Rcl
ncl,Tcl
nam, Tam
Figure 2. Sketch of the cloud-crushing model and its relevant
initial parameters: reverse shock (left, green), impacting on an
over-dense clump of gas (blue) embedded in a low-density gaseous
medium (yellow).
fixed for each simulation, independent of the density con-
trast4. The mean molecular weight of the pre-shock gas is
set to µ = 16.0, corresponding to a pure oxygen gas, and the
adiabatic exponent is γhydro = 5/3.
The presented parameters are consistent with a clump
and the reverse shock in Cas A as outlined in Section 2. For
a density contrast of χ = 100 (χ = 1000), the dust mass in a
single clump amounts to ∼ 5.3×10−7M (∼ 5.3×10−6M). In
order to obtain a total dust mass of ∼ 0.6M as derived from
modelling of thermal infra-red emission of Cas A (De Looze
et al. 2017; Priestley et al. 2019a), at least ∼ 106 (∼ 105) of
these clumps located in the ejecta are needed. The impact
of the reverse shock on a single clump as simulated in our
study is assumed to happen for all the ejecta clumps so that
our results can be applied and projected to them.
Amongst crucial parameters for the simulation of the
cloud-crushing scenario are the size of the computational
domain and the simulation time. At the beginning of the
simulation (t = 0), the clump midpoint is placed at a distance
of 2 Rcl in front of the shock front to ensure that material
swept up by the bow shock (after the first contact of the
shock with the clump) and temporarily transported in the
direction contrary to the shock propagation can stay in the
domain. The simulation is executed for a time 3 τcc after the
first contact of the shock with the clump, where
τcc = χ
0.5Rcl/vsh (5)
is the cloud-crushing time as defined by Klein et al. (1994)
which gives the characteristic time for the clump to be
crushed by the shock. 3 τcc is a commonly used value to
investigate post-shock structures. In total, the simulation
time amounts to tsim = Rcl/vsh + 3τcc = (3χ0.5 + 1)Rcl/vsh.
The simulation time for χ = 100 is then ∼ 61.5 yr which is
roughly 20% of the total age of Cas A.
The Rankine-Hugoniot jump conditions constrain the
post-shock gas velocity to be 3/4 vsh. Dust grains in
the clump can move, at most, with the gas veloc-
ity. In order to ensure that the dust does not flow
out of the domain at the back end during the simu-
lation time tsim, the length of the domain has to be
at most (3/4 vsh)(tsim − 3Rcl/vsh) + 3 Rcl = 3/4Rcl(3χ0.5 + 2).
Test simulations showed that using lbox = 3/4Rcl(3χ0.5 − 2)
as the length of the domain, as well as wbox = lbox/3 as the
domain width (perpendicular to the shock propagation), are
4 The value of 1600 km/s corresponds to the shock velocity in the
ambient medium, while the velocity is decelerated in the over-
dense clump to ∼χ−0.51600 km/s.
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sufficient to keep the dust in the domain. Typical values are
lbox = 21 Rcl = 0.068 pc and wbox = 7 Rcl = 0.023 pc for
χ = 100.
In principle, the hydrodynamical simulations as well as
the dust post-processing can be conducted in 1D, 2D, or 3D.
However, in this paper we consider only 2D simulations5 due
to the large computational effort for highly resolved 3D post-
processing simulations. The computational domain consists
of 420 × 140 cells such that there are 20 cells per clump ra-
dius. This yields a physical resolution of ∆cell = 5 × 1014 cm
(∼ 33 au) per cell (for χ = 100). Outflow boundary conditions
are used on all sides of the domain, with the exception of the
lower x-boundary, which used an inflow boundary for inject-
ing a continuous post-shock wind into the domain. Since the
shock width (parallel to the shock direction) is much larger
than the clump radius, the shock is generated by the con-
stant inflow of material. The Harten-Lax-van Leer method
(HLL; Harten et al. 1983) is used by AstroBEAR to solve
the hydrodynamic equations. Note that magnetic fields are
ignored in this work and will be examined in a future work.
3.2 Gas cooling
For most of our hydrodynamical simulations, radiative cool-
ing is considered. The cooling function Λ is equal to the
total emitted power divided by the product of the ion and
electron number densities and is calculated using CHIANTI
(Del Zanna et al. 2015) for a gas of pure oxygen in ionisation
equilibrium in the temperature range Tgas = 104−109 K.
The calculated cooling function (Fig. 3) shows a drop
between 2 × 105 K and 106 K, caused by the dominant O6+
and O7+ ions which have no easily excitable electrons. This
can be also seen in the plateau of the 6th charge number in
the same temperature range (Fig. 1). The cooling at lower
temperatures is dominated by line emission and at higher
temperatures by collisional ionisation while the increasing
slope at the highest temperatures is given by bremsstrahlung
emission plus contributions from radiative recombination
(Raymond et al. 2018). We find good agreement over the
whole temperature range between our cooling function and
the oxygen-dominated values computed by Raymond et al.
(2018) who also used CHIANTI, as well as with that of
Borkowski & Shull (1990). To our knowledge the only other
available data for oxygen-rich shocked gas is from Suther-
land & Dopita (1995) who calculated the cooling function in
self-consistent shock models for a shock velocity of 150 km/s
(within the clump). Their values show good agreement with
our function for temperatures between Tgas = 104 K and
the first peak at 2 × 105 K, however, their values and the
CHIANTI results diverge widely above 2×105 K. Since their
calculated cooling function also covers lower temperatures,
we adopt it for Tgas < 104 K while we use the CHIANTI
results for higher temperatures.
We note that gas cooling due to thermal emission of
the dust grains (Dwek 1987; Hirashita et al. 2015), which
are embedded in and can be heated up by the gas, is not
considered due to the nature of the dust post-processing.
5 The clump has a circular shape in 2D.
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Figure 3. Cooling function Λ for a gas of pure oxygen as a func-
tion of gas temperature Tgas under the assumption of collisional
ionisation equilibrium (red solid line). For comparison we show
the oxygen-rich cooling functions of Borkowski & Shull (1990)
(crosses), Sutherland & Dopita (1995) (dashed line), and Ray-
mond et al. (2018) (circles).
4 THE NEW EXTERNAL DUST-PROCESSING
CODE PAPERBOATS
To investigate dust advection and dust destruction, as well
as potential dust growth in a gas, we have developed the
parallelised 3D external dust-processing code Paperboats.
Paperboats utilises the time- and spatially-resolved den-
sity, velocity and temperature output of the grid-based hy-
drodynamical code AstroBEAR to calculate the spatial
distribution of the dust particles6. It makes use of an ap-
proach we have called “dusty-grid approach” and where the
dust location is discretised to spatial cells in the domain.
The dust mass (partially) moves to (an)other cell(s) in a
discretised time-step according to the gas conditions (den-
sity, velocity and temperature). Furthermore, the dust in
each cell is apportioned in different grain size bins for each
dust material species. The dust grains can move both spa-
tially as well as between the grain size bins as a result of
dust destruction or growth during a time-step. Due to the
nature of the post-processing, the dust medium can not alter
the state of the surrounding gas medium and no feedback
is considered. However, in Section 4.2 we will introduce a
“dusty gas” (gas particles from the grains) that is composed
of the solid dust material which was destroyed by sputtering,
vaporisation or grain shattering.
In this section, the code Paperboats is introduced,
with the implementation of the dusty-grid approach and the
comprehensive dust physics described in detail. Section 4.1
covers the initial grain size distribution and location of the
dust grains. The grid and size bins of the dust grains are pre-
sented in Section 4.2 and the dust acceleration by gas and
plasma drag is described in Section 4.3. Finally, the processes
6 In this study, the hydrodynamical simulations are in 2D, how-
ever, it is important to consider grain-grain collisions in 3D as this
will affect the grain cross sections and collision probabilities. The
2D hydro simulations are extended here to 3D assuming a single
cell in the z-direction as well as no gas velocity in the z-direction.
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of grain charging, sputtering and grain-grain collisions are
outlined in Sections 4.4–4.6.
4.1 Initial dust grain size distribution and
gas-to-dust mass ratio
We assume that the dust is located in over-dense clumps
in the ejecta. In our model, we initially assume a homoge-
neous dust distribution within the clump, while the ambient
medium is dust-free. The gas-to-dust mass ratio in the clump
is set to ∆gd = 10 which was obtained from SED modelling
of the infra-red continuum emission of Cas A (Priestley et al.
2019b).
The dust grains are assumed to be compact, homoge-
neous and spherical with radius a, material density ρbulk
and mass m = 4 pi3 a
3 ρbulk. The number of dust grains with
radii between a and a+da is denoted as n˜(a)da and is defined
between a minimum and maximum dust grain size amin and
amax, respectively. We investigate the following size distri-
butions:
Power-law distribution:
n˜(a)da ∝ a−γ da, (6)
Log-normal distribution:
n˜(a)da ∝ 1
a
exp
©­­«−
[
ln
(
a/apeak
)
− σ2
]2
2σ2
ª®®¬da, (7)
where γ is the grain size exponent that is usually between 2
and 4 (e.g. Dohnanyi 1969; Jones et al. 1996). For the log-
normal distribution, apeak is the grain radius at the maxi-
mum of the distribution and σ is the parameter that defines
the width of the distribution, so that for increasing σ, the
width is increasing7 (see Fig. 4).
Paperboats enables one to model silicate and carbon
grains individually or simultaneously, with different propor-
tions, size distributions and minimum and maximum grain
radii for each material. The material parameters required
for the dust post-processing are given in Table 2.
Dust destruction processes such as shattering or grain
growth by gas accretion can produce dust grains which are
smaller than the minimum amin or larger than the maxi-
mum dust grain size amax of the initial distribution. For
this reason, absolute values for the minimum and maxi-
mum grain radius, amin,abs and amax,abs, are defined. The
question of the size of the smallest possible dust grain is
philosophical as there is a smooth transition between solid
grains and molecules/atoms. We set amin,abs = 0.6 nm. Car-
bon (silicate) grains of this size contain 100 atoms (78
averaged8 atoms) which depicts an appropriate minimum
size similar to that of fullerenes (e.g. C60, buckminster-
fullerene). For comparison, Silvia et al. (2010) used 0.5 nm as
the minimum dust grain radius. The maximum grain radius
7 It should be noted, that our choice of parameters describing the
log-normal distribution, apeak and σ, is slightly different from
Bocchio et al. (2012, 2014), where the parameters are a0 and σ
with a different definition. Moreover, we note that dnda =
1
a
dn
d ln (a) .
8 Silicate dust is composed of several elements (Si, Mg and O)
and the term “averaged atom” denotes that the mass-weighted
mean of these elements regarding their abundance is taken.
d n
/ d
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Figure 4. Different initial dust distributions (log-normal and
power-law), normalized to 1 at a = 10 nm. The parameters apeak
and σ describe the peak radius and the width, respectively, of the
log-normal distribution, and γ the slope of the power-law distri-
bution.
amax,abs ≥ amax is adjusted for each simulation to ensure
simultaneously a high bin size resolution, a limited number
of grain sizes (computational effort) and the opportunity to
investigate dust growth effects.
4.2 The dust grain size bins
For the numerical calculations, Ngrain discrete log-spaced
bins are considered for the grain radius, where bin
i ∈ N≤Ngrain contains dust grains with radius
ai = amin,abs ∆
i−1
a , (8)
and ∆a specifies the width of the bins and is given as
∆a =
{
(amax,abs/amin,abs)1/(Ngrain−1) if Ngrain ∈ N≥2,
1 if Ngrain = 1.
(9)
A grain in the i-th bin has mass mi = 4/3pia3i ρbulk and will
be referred to as ‘grain i’. Increasing the number of bins
leads to a size distribution that is defined with more and
more precision, but the computing time roughly increases
as the square of the number of bins if grain-grain collisions
are evaluated. In this paper, Ngrain is set to 40 which has
proven to be sufficient in previous studies (cf. Hirashita &
Yan 2009 (40 bins), Bocchio et al. 2014 (9, 15 and 25 bins)).
Furthermore, two additional bins are defined: Due to e.g.
fragmentation, dust grains with radii below a1 can be pro-
duced, or a dust particle can be completely destroyed by,
e.g., vaporisation. To take into account these small grains
or completely destroyed, obliterated dust masses, an addi-
tional bin i = 0 is defined for each cell, the so-called“collector
bin”, which represents“dusty gas”. The material of the dusty
gas is completely atomic and composed of the removed dust
material, i.e. C atoms in the case of graphite dust and mass
averaged atoms of Mg, Si and O in the case of silicate. The
dusty gas is not processed further by sputtering or grain-
grain collisions, but advected. Here, it is assumed that the
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Table 2. Properties of the carbon (C) and silicate (MgSiO3) dust components: bulk density ρbulk, vaporisation and fragmentation
threshold velocities vvapo and vfrag, speed of sound c0 in the grain, the dimensionless fragmentation constant s, the critical pressures
for vaporisation Pv and fragmentation Pl, the surface energy per unit area γA, Young’s modulus EY, Poisson’s ratio νPoi, the surface
binding energy U0, the average atomic number and mass of the grain atoms, 〈Zatom 〉 and 〈Matom 〉, and the dimensionless sputtering
constant ksput. The density of 2.2 g cm−3 for carbonaceous grains corresponds to graphite (see e.g. Bocchio et al. 2014). In this study, we
will use the terms carbon and graphite synonymously.
ρbulk [g cm−3] vvapo [km s−1] vfrag [km s−1] c0 [km s−1] s Pv [kgm−1s−2] Pl [kgm−1s−2]
carbon 2.2 (a) 23 (b) 1.2 (c) 1.8 (b) 1.9 (b) 580 × 109 (b) 4 × 109 (c)
silicate 3.3 (b) 19 (b) 2.7 (c) 5.0 (b) 1.23 (b) 540 × 109 (b) 30 × 109 (c)
γA [kg s−2] EY [kgm−1s−2] νPoi U0 [eV] 〈Zatom 〉 〈Matom 〉 [mamu] ksput
carbon 0.075 (a) 10 × 109 (a) 0.32 (a) 4.0 (b) 6 (b) 12 (b) 0.65 (b)
silicate 0.025 (a) 54 × 109 (a) 0.17 (a) 5.7 (b) 10 (d) 20 (d) 0.1 (b)
Note: (a) Chokshi et al. (1993) (silicate: quartz), (b) Tielens et al. (1994); Jones et al. (1994),
(c) Jones et al. (1996), (d) Nozawa et al. (2006)
dusty gas has the same velocity as the regular gas derived
by the hydrodynamical simulation. At the beginning of the
simulation, the number densities of the collector bin are set
to 0. It should be noted that no feedback of the dusty gas
on the regular gas medium is considered. The dusty gas con-
tributes to the sputtering and can also be (re-)accreted by
dust grains of the same dust composition, thus leading to
grain growth (Section 4.6). The charge number of the dusty
gas is set equal to the charge number of the regular gas,
although this is only a rough approximation, but a more ac-
curate calculation of the charge number of a carbon gas and
especially of a mixture of Si, Mg and O is beyond the scope
of this paper. Furthermore, as the dusty gas density is low
compared to the density of the regular gas, the dusty gas is
not considered as a relevant component of the collisional or
plasma drag for the dust advection (Section 4.3).
On the other end of the grain size distribution, dust
growth by gas accretion and sticking of dust particles in
a grain-grain collision can produce grains with radii larger
than the total maximum grain radius amax, abs. To consider
these large grains, the quantity Mlarge is defined which rep-
resents the total dust mass of all grains in the domain with
radii larger than amax, abs. At the beginning of the simula-
tion, Mlarge is 0. The dust mass Mlarge is neither advected,
sputtered, nor colliding with other dust grains, and hence
Mlarge is increasing with time. However, in all of our con-
ducted simulations, Mlarge is much smaller than 1% of the
initial dust mass. The dust mass in all size bins integrated
over all cells, the mass of the dusty gas and the mass Mlarge
of the large dust grains enable mass conservation during ad-
vection and dust-processing (see Section 4.7).
The boundary between the size bins i and i + 1 (i ∈
N≤Ngrain−1) is defined as ai
(
1+∆3a
2
)1/3
, which represents the
mass-related mean of ai and ai+1. The boundary between
size bin i = 0 and i = 1 is a1
(
1+∆−3a
2
)1/3
and the boundary
between size bin i = Ngrain and the grains representing the
dust mass Mlarge is aNgrain
(
1+∆3a
2
)1/3
.
Based on the gas number density, gas-to-dust mass ra-
tio and the dust grain size distribution at the beginning
of the simulation, the number density of dust particles
ni, i ∈ N≤Ngrain , is calculated for each cell, and subsequently
(considering changes in ni due to dust advection and de-
struction/growth) also for later time-points in each cell.
4.3 Dust advection
The dust velocity vdust(t + ∆t) at time t + ∆t is determined
by its velocity vdust(t) at time t and the acceleration experi-
enced during the time interval ∆t. Here, ∆t is the time-step
given by the output of the hydrodynamical simulations and
we assume that the conditions of the surrounding gas are
constant during ∆t. The acceleration depends on the cur-
rent dust velocity, and for the sake of higher velocity accu-
racy, the time interval ∆t is divided into ten equally-sized
intervals in which the acceleration is calculated. The dust
velocity vdust(t + ∆t) at time t + ∆t is then given by
vdust(t + ∆t) = vdust(t) +
10∑
i=1
Fdrag (t ′)
m
∆t
10
, (10)
where the drag force Fdrag (t ′) at time t ′ = t + ∆t(i − 1)/10 is
a function of vgas (t ′) − vdust (t ′).
The drag is caused by the relative velocity between the
dust and surrounding gas, vrel = |vgas−vdust |, and decreases
with decreasing vrel = |vrel |. In general, there are two differ-
ent types of gas drag: The classical drag is evoked by col-
lisions of the dust with gas particles, and the plasma drag
by the Coulomb interchange between the charged grains and
ionised gas. In the following we omit the vector notation of
the forces, but it should be kept in mind that the accel-
eration of the grains is in the direction of vrel. Following
Baines et al. (1965) and Draine & Salpeter (1979), the net
drag caused by collisional drag and by plasma drag is given
as (in cgs units)
Fdrag = Fcol + Fpla (11)
= 2
√
pikBTgasa
2
∑
j
ngas, j
(
Fcol,j + Fpla,j
)
, (12)
with the “Collisional term”
Fcol,j =
(
Sj +
1
2Sj
)
exp
[
−S2j
]
+
√
pi
(
S2j + 1 −
1
4 S2
j
)
erf
[
Sj
]
(13)
and the “Plasma term”
Fpla,j = z2j φ2 ln
[
ΛCou
Z j
] ©­­«
√
pi
erf
[
Sj
]
S2
j
−
2 exp
[
−S2j
]
Sj
ª®®¬ . (14)
The drag force in equation (12) is summed over all plasma
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species j within the gas (atoms, molecules, ions and elec-
trons), each with number density ngas, j , particle mass
mgas, j , particle charge number zj and velocity parameter
Sj =
√
mgas, j
2 kB Tgas vrel. For our model of Cas A, oxygen ions
and electrons are considered ( j ∈ N≤2). Zgrain is the charge
number of the grain (see Section 4.4), the grain potential
parameter is φ =
Zgrain e
2
a kB Tgas
, the Coulomb “cutoff factor” is
ΛCou =
3
2 a e φ
(
kB Tgas
pine
)0.5
(e.g. Dwek & Arendt 1992)9, kB
is the Boltzmann-constant, ne is the electron density, e is
the elementary charge, and erf(Sj ) is the error function. We
assume that all species in the plasma have the same tem-
perature, Tgas.
Plasma drag has a negligible effect on the dynamics
of small grains for high gas temperatures and high relative
velocities, while it exceeds collisional drag for large grains
at low gas temperatures and small relative velocities (see
Fig. 2 of Bocchio et al. 2016). In this paper, we will ignore
magnetic fields and the potential (betatron) acceleration by
the Lorentz force on charged grains, which we will examine
in a future work.
4.4 Grain charging
Dust grains within the SNR are electrically charged by the
impacts of plasma particles (ions and electrons). Several
processes can influence the total charge of the grain such
as the kind of the impinging plasma particles, associated
secondary electrons, transmitted plasma particles, and field
emission (e.g. Kimura & Mann 1998). Here, we ignore pho-
toelectron emission. Numerical calculations of the remain-
ing charging processes based on detailed modelling of the
atomic physics are very computationally-intensive. In order
to simplify the calculations, we apply the analytical descrip-
tion of the charging processes derived by Fry et al. (2018)10,
where the grain potential Φtotal is numerically solved for
the steady-state value and then fitted as a function of gas
temperature Tgas, grain size a and relative velocity vrel. The
applied fitting function for the grain potential Φtotal is given
in Appendix A. The dust grain charge is then (in cgs-units11)
Qgrain =
aΦtotal kB Tgas
e
. (15)
Following equation (15), Qgrain is calculated for each dust
grain species, cell and time-step in the domain. Apart from
the escape length λesc, the treatment of the grain charge is
independent of the dust material but depends on the gas
temperature Tgas, grain radius a and relative velocity vrel
as well as on the gas species. On the other hand, the grain
charge has an impact on the dust advection (Section 4.3),
grain-grain collisions (Section 4.5), sputtering (Section 4.6),
and gas accretion (Section 4.6.7). The grain charge number
(Zgrain = Qgrain/e) is shown in Fig. 5 for several gas types,
9 ln(ΛCou) is also called the Coulomb logarithm (e.g. McKee et al.
1987).
10 This approach was introduced by Shull (1978) and McKee et al.
(1987). Multi-valued potentials at a given temperature are ig-
nored, as is the cooling and heating rate of the dust grains.
11 In SI-units, equation (15) would transform to
Qgrain = 4pi0
a Φtotal kB Tgas
e .
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Figure 5. Grain charge number Zgrain = Qgrain/e as a function
of gas temperature Tgas for a grain radius a = 100 nm and a rel-
ative velocity vrel = 100 km/s between gas and dust grain. Top:
The effect of the secondary electron emission and the transmit-
ted electrons on the total charge (field emission is not shown)
for a gas with mean molecular weight µ = 1.3 (solar abundance).
Bottom: Zgrain for different gas species (including oxygen), con-
sidering field emission as a lower charge limit.
including pure oxygen, as well as the impact of different
effects (e.g. secondary electron emission) on the total dust
grain charge. For the modelling of a clump in Cas A, we
evaluated the grain charge in a pure oxygen gas.
4.5 Grain-grain collisions
Collisions between dust grains of different sizes can occur in
a SNR due to the relative velocities between them which are
caused by the size-dependent gas drag (Section 4.3). The
timescale and the probability for grain-grain collisions as
well as the collisional outcome are discussed in this Section.
4.5.1 Collisional timescale
Grain-grain collisions are neglected in many studies that in-
vestigate dust destruction in SNRs. To show the importance
of this process, we determine here the grain-grain collisional
timescale τcol.
For the sake of simplicity, we assume a population of
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ai, vdust,i nj, aj, vdust,j
a)
aj aj + ai ai
b)
Figure 6. Left: Collision of a dust grain i (grain radius ai) with
any grain j (grain radius a j ) for a homogeneous, parallel directed
distribution with number density n j . Right: Collision cross section
σcol of particles with radii ai and a j , respectively, resulting in
σcol = pi
(
ai + a j
)2
for neutral charged grains.
dust grains with a single grain size a, a mean number den-
sity n, and a mean relative velocity v between the grains.
The mean free path of a particle is then λpath = 1/(pia2 n)
and the collisional timescale (e.g. Bocchio et al. 2016) τcol =
λpath/ v = 1/(pia2 n v). The mean number density of dust
grains and gas particles, n and ngas, respectively, are related
by the gas-to-dust mass ratio ∆gd by n = ngas
µmamu
∆gd4/3piρbulka3 ,
with mamu as the atomic mass unit. It follows that the col-
lisional timescale is
τcol =
4∆gdρbulk
3 µmamu
a
ngas v
, (16)
≈ 35000 (a/nm)(
ngas/cm−3
) (v/(km/s))yr. (17)
Considering a typical gas density of ngas = 100 cm−3
(1000 cm−3), grains with radius a = 10 nm and a mean veloc-
ity v = 100 km/s, the timescale between grain-grain collisions
is τcol ≈ 35 yr (3.5 yr) which is roughly half (2%) of the sim-
ulation time (tsim ≈ 61.5 yr and 190.2 yr, resp.). The shock
wave increases the dust and the gas number densities, mak-
ing collisions even likelier. On the other hand, if we consider
grains with radius a = 1000 nm, the timescales derived with
eq. (17) are a factor of 100 larger, making grain-grain colli-
sions significantly less likely. We note, that v was fixed but
that the largest relative velocities will occur between small
and large grains. In summary, we expect that grain-grain
collisions are important for at least some size populations
and have the potential to influence the dust survival rates
in SNRs such as Cas A.
4.5.2 Collision probability
We consider a dust grain i with radius ai and a dust velocity
vdust,i that is constant during the time interval ∆t. Further-
more, we assume a homogeneous distribution of dust grains
j with radius aj and number density nj that all have the
velocity vdust, j in the same direction (Fig. 6, a). We want
to calculate the probability Pi j that a single dust grain i
collides with any other dust grain j.
For uncharged grains, the collision velocity of a poten-
tial projectile and target is equal to their relative velocity,
vcol = |vdust,i −vdust, j |, and the geometrical cross section for
a single collision is σcol = pi
(
ai + aj
)2
(Fig. 6, b). We ignore
the Brownian motion of the dust grains which is negligible
compared to the high dust velocities in a shock-impacted
a) b)
Figure 7. Dust grains in the projected area. The dashed circles
are the same as in Fig. 6 b) and represent the cross section σcol.
Left: For τ  1, the fraction of the area covered by the dust grains
is simply the number of dust grains per unit area multiplied by
σcol. Right: For τ 3 1, self-shielding of the dust grains occurs
and the fraction of the area covered by the dust grains is given
by 1 − exp [−τ] (see equation 22).
ejecta clump. Considering the electric charges Qi and Q j of
the grains, respectively, the grains can be attracted or re-
pulsed and the actual collision velocity and the cross section
are changed. Setting αq =
2Qi Q j (mi+m j )
(ai+a j )mim j |vdust, i−vdust, j |2 , we ob-
tain for the collision velocity (see Appendix B for derivation)
vcol =
(
1 − αq
)0.5 |vdust,i − vdust, j | (18)
and for the collision cross section
σcol =
(
1 − αq
)
pi
(
ai + aj
)2
. (19)
In the rest frame of the dust grains j with size aj , the
dust grain i travels along a length ∆l = vcol∆t. We define
A = N/(nj ∆l) as the area projected along the propagation
direction of i in the rest frame of j which contains N dust
grains of radii aj . The probability P˜ for a collision of i with
one of the N grains with radius aj is then the ratio of σcol
to A, P˜ = σcol/A. The dimensionless quantity
τ = nj ∆l σcol (= N σcol/A) (20)
gives the number of cross sections σcol per unit area A. For
τ = 0, grain i “sees” no dust grain j in A and hence no
collision can occur, while for τ = 1 the projected area A is
completely covered by grains j and the probability for a col-
lision is 100%. We differentiate between two cases:
(i) τ  1 for low number densities of grains j. The probabil-
ity Pi j for a collision of i with any of the N grains j is then
the sum of all probabilities P˜ (Fig. 7, a):
Pi j = N P˜ = N σcol/A = nj ∆l σcol = τ. (21)
(ii) The continuous increase of τ in equation (21) would in-
evitably result in a probability Pi j larger than 100%, and it
becomes already inaccurate for τ 3 1 (large number density,
large collision velocity or large grains). The reason is the en-
hanced occurrence of self-shielding dust grains (Fig. 7, b).
This problem can be solved when the individual probabili-
ties P˜ for a collision of i with one of the N grains with radius
aj are not just summed up, but when instead the counter-
probabilities (1− P˜) are multiplied to get (1−Pi j ). For N dust
grains j in the area A it follows:
1 − Pi j =
(
1 − P˜)N = (1 − σcol
A
)N
= 1 − N
(σcol
A
)
+
(
N
2
) (σcol
A
)2 − (N
3
) (σcol
A
)3
+ ...
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≈ 1 − (nj ∆l) σcol + (nj ∆l)2 σ2col2 − (nj ∆l)3 σ3col6 + ...
=
N∑
k=0
(−1)k 1
k!
(
nj ∆l σcol
)k
= exp [−τ].
Finally, we get
Pi j = 1 − exp [−τ]. (22)
We want to highlight the similarity of equation (22) to a
completely different astrophysical problem, the intensity of
the radiation of an optically thick dust accumulation (e.g.
in the ISM or in a protoplanetary disk). Here, τ describes
the optical depth and the intensity is proportional to exp (−τ)
(cf. Beer-Lambert law). In that scenario, Fig. 7 can be inter-
preted as an optically thin (a) or optically thick (b) system
and the “collisions” occur between photons and dust grains
instead of collisions between grains.
Based on the local dust velocities and dust number den-
sity nj , the collision probability Pi j for grain i to collide with
any grain of size aj is calculated in each cell and for each
time-step for which the dust velocities have been calculated
(see Section 4.3). It should be noted, that Pi j in both equa-
tions (21) and (22) is independent of the number density ni ,
and in general Pi j , Pji . Since the bulk density of carbon
grains is lower than that of silicate grains, their acceleration
and their grain number densities are higher (for a fixed total
dust mass) resulting in an enhanced collision probability for
carbon grains.
Finally, the number density of colliding dust grains i
with grains j is ncol = Pi j ni . Depending on the collision
velocity, dust grain sizes and material properties, ncol dust
particles vaporise, fragment, bounce or stick with their col-
lisional counterpart (from high to low energy) and the grain
size distribution is redistributed (e.g. Borkowski & Dwek
1995). The different collisional processes are described in
the following subsections.
4.5.3 Vaporisation
Vaporisation of the ncol dust grains in bin i is assumed to
occur if the collision velocity vcol between grain i and j is
above the vaporisation threshold velocity,
vcol ≥ vvapo. (23)
vvapo is a function of the dust material only and is given
in Table 2 for carbon and silicate materials. Although the
threshold velocity for carbon is larger than that of silicates,
this does not inevitably mean that the vaporisation of sili-
cate grains is more efficient. The bulk density of amorphous
carbon is smaller by a factor of 1.5 which causes a greater
acceleration of these grains, and the vaporisation threshold
is reached at an earlier stage. If the vaporisation condition is
fulfilled (equation 23), ncol dust grains are removed from bin
i and ncol(4/3)pia3i ρbulk/(µmamu) particles (atoms/averaged
atoms) are placed in the collector bin 0 (dusty gas). Note,
that only particles from bin i are removed, bin j is evaluated
when i and j are exchanged.
In Fig. 8 we show the frequency of colliding particles re-
sulting in vaporisation, fragmentation, bouncing and stick-
ing as a function of simulation time, integrated over the
entire simulation domain. Obviously, vaporisation and frag-
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Figure 8. Frequency of vaporisation, shattering, bouncing and
sticking events as a function of time for an example simulation
(shock velocity vsh = 1600 km/s, density contrast χ = 100). When
the shock impacts the dust-filled clump (t ∼ 3 yr), the number
density of particles in collisions rapidly increases, reaching a max-
imum (t ∼ 5 − 20 yr) before starting to decrease slowly. Bouncing
and sticking events are 2 and 5 orders of magnitude, respectively,
rarer than vaporisation and shattering events. The adopted initial
grain size distribution of carbon is a power-law with amin = 10 nm,
amax = 200 nm, and γ = 3.5. The dust composition is carbon.
mentation are the dominant processes during the whole sim-
ulation, while sticking and bouncing are less frequent.
4.5.4 Fragmentation
A dust grain i is assumed to be shattered by collisions with
grains j if the collision velocity vcol between grain i and j
is below the vaporisation threshold velocity and above the
fragmentation threshold velocity,
vvapo > vcol ≥ vfrag. (24)
As vvapo, vfrag is a function of dust materials only and is
given in Table 2. Since the fragmentation threshold velocity
and bulk density of carbon are smaller than those of silicates,
carbonaceous grains tend to faster fragmentation.
For the description of the fragmentation of grain i, we
follow Hirashita & Yan (2009) whose work is based on Tie-
lens et al. (1994) and Jones et al. (1996). Although already
described in detail by Hirashita & Yan (2009), we give the
procedure in Appendix C again for the sake of completeness
since some inconsistencies between equations and parame-
ters in their work and that of Jones et al. (1996) appear to
be present.
4.5.5 Grain bouncing
Collisions between grains i and j result in bouncing if the
collision velocity vcol is below the fragmentation threshold
velocity (equation 23) and above the coagulation threshold
velocity (see equation 27),
vfrag > vcol > vcoag. (25)
The size distribution of the dust grains is not affected by
bouncing, but bounced grains might take a new speed and
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in particular a new propagation direction. We ignore this
new velocity direction for two reasons: Firstly, each grain’s
bouncing collisions would result in its own velocity distri-
bution, and the additional computational effort would be
immense. Secondly, bouncing is not a frequent event in the
simulations (Fig. 8), and a more sophisticated bouncing de-
scription is not expected to lead to a very different outcome.
Instead, we assume that the post-bounce grains instanta-
neously have the same velocity and velocity direction as be-
fore the bounce, caused by the continuous gas stream. In
summary, we assume that the bouncing changes neither the
velocities nor the number densities of the grains.
4.5.6 Grain sticking
The two colliding dust grains i and j are assumed to stick to-
gether if their collision velocity vcol is below the coagulation
threshold velocity
vcoag ≥ vcol, (26)
where vcoag is given by (Chokshi et al. 1993; Dominik &
Tielens 1997)
vcoag = 2.14 Fstick
√√
a3
i
+ a3
j
(ai + aj )3
γ
5/6
A
E1/3
PoiY
R5/6
ij
ρ
1/2
bulk
. (27)
In order to avoid the complexity of compound species, only
sticking between the same dust materials is treated. Based
on experimental work by Blum et al. (2000), Fstick is set
to 10 (see Yan et al. 2004). γA is the surface energy per
unit area, Rij = aiaj/(ai + aj ) is the reduced grain radius
and EPoiY = 0.5EY/(1 − νPoi)2 is a dust material quantity
that is related to Poisson’s ratio νPoi and Young’s modulus
EY, listed in Table 2. Following equation (27), the coagula-
tion threshold velocity of equal-sized grains of carbonaceous
(silicate) material is 99m/s (21m/s) for 10 nm grains, and
2.12m/s (0.45m/s) for 1µm grains.
Dust growth by coagulation has been observed in many
astrophysical environments, e.g. in dense molecular clouds
(e.g. Stepnik et al. 2003) or protoplanetary disks (e.g. Kirch-
schlager et al. 2016). If the collision velocity between grain
i and j is lower than vcoag, ncol/2 dust grains are removed
from both bin i and j12. For the sake of simplicity, the newly
formed dust aggregate is assumed to have a spherical shape
with radius acoag =
(
a3
i
+ a3
j
)1/3
, and ncol/2 dust grains with
size acoag are placed in the corresponding bin taking into ac-
count mass conservation.
Although the above form for the coagulation threshold
velocity is based on both physical and experimental grounds,
there could be significant uncertainties (Hirashita & Yan
2009). However, sticking has a low occurrence in the simula-
tions (Fig. 8), as the gas velocities and hence dust velocities
are too high, and as bouncing is also a rare process, the
impact of a higher or lower coagulation threshold can be
ignored.
12 The remaining ncol − ncol/2 = ncol/2 dust grains of bin i are
removed if i and j are exchanged.
4.6 Sputtering
Sputtering is a destruction process whereby grain atoms are
ejected due to bombardment by gas particles (atoms, ions or
molecules). The rate at which a dust grain is sputtered is in-
fluenced by its relative motion through the gas, also known
as kinematic, kinetic, inertial or non-thermal sputtering, and
by the thermal motions of the gas particles, known as ther-
mal sputtering.
4.6.1 Kinematic sputtering
The rate of decrease of grain radius a due to kinematic (iner-
tial, non-thermal) sputtering can be expressed as (e.g. Dwek
& Arendt 1992),
da
dt
=
〈Matom〉
2 ρbulk
vrel
∑
k
ngas,kYk (E) , (28)
where dadt is the reduction of grain radius per unit time,〈Matom〉 is the average atomic mass of the grain atoms, vrel
is the grain velocity relative to the ambient gas, ngas,k is the
number density of gas species k, and Yk (E) is the sputter-
ing yield, which is the number of ejected grain atoms per
incident projectile of species k. The sum runs over all gas
species, including the dusty gas.13 The sputtering yield is a
function of the kinetic energy E = mgas,kv2rel/2, where mgas,k
is the particle mass of gas species k (Tielens et al. 1994;
Nozawa et al. 2006). A factor of 2 is included in equation (28)
to correct the yield which is generally measured for normally
incident projectiles on a target material (e.g. Micelotta et al.
2016).
4.6.2 Thermal sputtering
The thermal sputtering rate is a function of the velocity of
the gas particles which is determined by the temperature of
the ambient gas (thermal motion). It is defined as (Barlow
1978; Draine & Salpeter 1979)
da
dt
=
〈Matom〉
2 ρbulk
∑
k
ngas,k 〈Ykv〉 , (29)
where 〈Ykv〉 is the sputtering yield of gas species k (including
the dusty gas) averaged over the Maxwellian distribution
fM,
〈Ykv〉 =
∫
Yk (E) v fM(v)dv, (30)
v is the thermal velocity of a gas particle of species k and
E =
mgas,k
2
v2 (31)
the energy of this gas particle.
13 By considering the dusty gas in the sputtering process we mean
that sputtered atoms from the dust grains can subsequently them-
selves sputter atoms from the grains.
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4.6.3 Skewed Maxwellian distribution
Equation (28) for kinematic sputtering is an approximation
which gives good results for T . 104 K (Bocchio et al. 2014).
However, for higher temperatures the relative velocity be-
tween a grain and the surrounding gas is not unimodal but
is a combination of the thermal motion of the gas particles
and the motion of the grain relative to the gas. These two
motions can be combined using a skewed Maxwellian distri-
bution (Barlow 1978; Shull 1978; Bocchio et al. 2014),
fskM(v) =
√
mgas,k
2pikBTgas
v
vrel
[
exp
(
− mgas,k
2pikBTgas
(v − vrel)2
)
− exp
(
− mgas,k
2pikBTgas
(v + vrel)2
)] (32)
where fskM is the velocity probability function. Note, that
fskM converges to fM for vrel −→ 0.
Replacing fM by fskM in equation (30) and inserting
this expression into (29), we obtain the erosion rate of a
dust grain that is moving through a gas whose particles are
in random thermal motion at a temperature Tgas.
4.6.4 Sputtering yields and parameters
For the sputtering yield Yk of gas species k for a given grain
species, we adopt the expression given by equation (11) of
Nozawa et al. (2006). This is the same approach as in Tie-
lens et al. (1994), except that they use a different formula for
the function αk (their equation 18) that appears in the yield
and provides a better agreement with sputtering measure-
ments (for details see Nozawa et al. 2006; Tielens et al. 1994,
and references therein). We neglect dissociative sputtering
of very small (carbonaceous) grains by the combination of
nuclear interaction, electronic interaction and electronic col-
lisions (Micelotta et al. 2010; Bocchio et al. 2012). However,
three modifications are made regarding the calculation of
the yields: Firstly, the effect of the finiteness of the grains
is considered by introducing a factor which multiplies the
total yield (Serra Dı´az-Cano & Jones 2008; see Fig. 9 and
Section 4.6.5). Secondly, the accretion of gas onto the dust
is implemented as a negative yield (Section 4.6.7). Thirdly,
the relative velocities between gas particles and dust grains
are calculated taking into account Coulomb forces between
charged grains and ionised gas, which have an influence on
the impact velocities of the gas particles in the same way as
for grain-grain collisions (Section 4.5.2). The energy of the
impinging gas particle in equation (31) is then replaced by
(see Appendix D)
E =
mgas,k
2
v2 +
z eQgrain
a
. (33)
Gas particles of species k can cause sputtering of dust
grains if their energy is equal to or above the threshold en-
ergy
Esp =

U0
4 〈Matom 〉mgas,k
(〈Matom 〉+mgas,k )4
(〈Matom 〉−mgas,k )2 if
mgas,k
〈Matom 〉 ≤ 0.3,
8U0
(
mgas,k
〈Matom 〉
)1/3
if
mgas,k
〈Matom 〉 > 0.3
(34)
(Bohdansky et al. 1980; Andersen & Bay 1981).
The adopted sputtering parameters are summarized in
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Figure 9. Size-dependence of the sputtering yield as a function
of grain radius for carbon and silicate grains. Ya and Y∞ are the
sputtering yields of a grain of radius a and of a semi-infinite
target, respectively, and rP is the penetration depth.
Table 2. The quantity U0 is the surface binding energy, de-
fined as the minimum energy that is necessary to remove
an atom from the top surface layer. 〈Zatom〉 is the average
atomic number of the grain material, and 〈Matom〉 is the
mass of the ejected dust species (average atomic mass). The
dimensionless quantity ksput enters into one of the terms for
the sputtering yield Yk (E) and has been determined via com-
parison with laboratory experiments (Tielens et al. 1994).
Hydrogenation or amorphisation of the sputtered dust grains
are neglected and hence the dust is only composed of pure
carbon or silicate. Since the initial clump gas in our Cas A
model is composed of pure oxygen, there are only two sput-
tering gas species (k ∈ N≤2), namely oxygen atoms or ions
and atoms from the dusty gas. Since the dusty gas is com-
posed of atoms or ions of the same material as the dust, the
grains are then sputtered by the same material.
4.6.5 Size-dependent sputtering
The experimental sputtering yields that were used to obtain
the analytical function Y (E) have been measured for a semi-
infinite target (see e.g. Tielens et al. 1994). However, the
finite size of dust grains has a significant effect on the yields.
The penetration depth rP of energetic gas particles can be
comparable to or even larger than the dust grain size, which
is especially important for the smallest grains. For grain sizes
comparable to the penetration depth rP, the sputtering yield
is increased as the detachment of dust atoms is enhanced by
a cascade effect at the grain surface, while for grains much
smaller than rP the gas particles are mostly transmitted and
the sputtering yield approaches 0 (see Fig. 9). On the other
hand, for grains much larger than rP the finite-size yield
approaches that of a semi-infinite target, as the sputtered
dust atoms are mainly detached from the region close to the
grain surface (Jurac et al. 1998; Serra Dı´az-Cano & Jones
2008).
To take into account the size-dependent sputtering ef-
fect, we apply the model of Bocchio et al. (2012, 2014, 2016)
in which they determine a correction function f (x) between
the sputtering yield Y∞ of a semi-infinite target and the sput-
MNRAS 000, 1–34 (2019)
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Table 3. Material parameters pi (i ∈ N≤6; Bocchio et al. 2016; the
data for amorphous carbon and MgSiO3 are used for carbon and
silicate, respectively), the mean excitation energy parameter Eexc
and the slope αP (Section 4.6.6) used for the analytical modelling
of the size-dependent sputtering.
p1 p2 p3 p4 p5 p6 Eexc [eV] αP
carbon 4.9 0.55 0.77 4.7 3.0 1.2 13.5 −4.73
silicate 1.0 0.5 1.0 1.8 2.1 0.76 13.0 −3.34
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Figure 10. Penetration depth rP of oxygen ions in carbon and
silicate material as a function of initial energy Einitial and the ion
charge. The calculations are based on the Bethe-Bloch formula.
tering yield of a grain of radius a, Ya = f (x)Y∞, with
f (x) = 1 + p1 exp
[
−(ln (x/p2))
2
2p23
]
− p4 exp
[
− (p5x − p6)2
]
.
(35)
x = a/(0.7rP) is a function of the grain radius a and pene-
tration depth rP. The factor 0.7 is related to the fact that a
projectile has lost most of its energy at ∼ 0.7rP (Serra Dı´az-
Cano & Jones 2008). To avoid negative sputtering yields for
small x, f (x) is limited to 0 as a lower boundary. The ma-
terial parameters pi, i ∈ N≤6, are given in Table 3 and the
penetration depth rP is discussed in Section 4.6.6. The dif-
ferences between f (x) for carbon and silicate dust are shown
in Fig. 9. For x ≈ 1 the sputtering yield is increased by a
factor of ∼ 4.5 (∼ 1.5) for carbon (silicate) dust.
4.6.6 Penetration depth of ions in dust grains
For the estimation of the penetration depth rp of ions of
energy Einitial into a dust grain14, we use the Bethe-Bloch
formula (Bethe 1930; Bloch 1933):
dE
dr
= −CBB ρbulk
〈Zatom〉
〈Matom〉
z2
v2
ion
©­­«ln

2mev2ionc
2
I
(
c2 − v2
ion
)  −
v2
ion
c2
ª®®¬ ,
(36)
with
14 Jurac et al. (1998) used the code TRIM (TRansport of Ions in
Matter) developed by Ziegler et al. 1985, and Serra Dı´az-Cano &
Jones (2008) and Bocchio et al. (2014) used the successor SRIM
(Stopping and Range of Ions in Matter) to compute the penetra-
tion depth rp.
CBB = 4pi
e4
(4pi0)2me
= 7.34253 × 10−25 Jm4 s−2
(in SI-units). Here, dEdr is the rate of change of the kinetic
energy of the ion per unit length and vion = (2 E/mgas,k )0.5
is the current velocity of the ion within the grain.
I = Eexc 〈Zatom〉 is the mean excitation energy, where Eexc
is a material constant (Table 3). To better represent the en-
ergy loss at low energies, we use the Barkas-equation (Barkas
1963) for the effective charge number,
zeff = z
(
1 − exp
[
−125 vion
c
z−2/3
] )
, (37)
where c is the speed of light, and we replace the charge num-
ber z in equation (36) by zeff.
Using equations (36) and (37), the penetration length rp of
an ion penetrating into a solid body is calculated as a func-
tion of initial energy Einitial (in the range 10−1−105 eV) and
ion charge number, for oxygen in carbon and silicate dust,
respectively (Fig. 10). The penetration depth and initial
ion energy follow a relation log (rP/nm) = log (Einitial/eV) +
f (material, z). The function f (material, z) = c˜1zc˜2+c˜3 is then
fitted to the data in Fig. 10 using a least squares approxima-
tion and assuming that the minimum charge number of the
ions is 1 (see Section 2.2 and Fig. 1). We obtain c˜1 = 2.8 and
c˜2 = −0.21 for both dust materials and a material dependent
c˜3 that is listed, as αP, in Table 3. The final equation for the
penetration depth is then
rP = 10(2.8 z
−0.21+αP) E
eV/nm . (38)
4.6.7 Gas accretion
The frequency with which gas particles collide with a dust
grain is determined by the skewed Maxwellian distribution
given by equation (32). Gas particles with an energy above
the threshold energy Esp (equation 34) can cause sputtering.
However, those particles with a lower energy are neglected in
the studies of Tielens et al. (1994) and Nozawa et al. (2006).
Here, we assume that gas particles can be accreted by the
dust grain if their energy is not large enough for sputtering.
In this sense gas accretion can be interpreted as negative
sputtering that causes negative yields. The grain can even
grow if gas accretion dominates over regular sputtering.
The probability of a gas particle to be accreted is set to
0 for E = Esp and 1.0 for E = 0. The yield of a gas particle
of species k with an energy E below Esp is then assumed to
linearly decline with decreasing E,
Y (E) = −(1 − E/Esp) if
((E < Esp) and (mgas,k = 〈Matom〉) .
(39)
Besides coagulation in a grain-grain collision (Section 4.5.6),
gas accretion is the second effect included that enables grain
growth. Similarly to coagulation, accretion is restricted to
the sticking of a gas particle of the same material as the dust
grain (mgas,k = 〈Matom〉). Therefore, only particles of the
dusty gas are accreted. To ensure mass conservation during
the accretion process, the number density of the dusty gas
particles and of the dust grains are adjusted accordingly. We
note that we also tested accretion by the regular gas without
significant impact on the dust grain growth.
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4.7 Dust motion between spatial cells and grain
size bins
For the investigation of the processing of dust grains in the
SNR it is necessary to understand the temporal evolution of
the number density of grains at a certain position in the do-
main. For this purpose we set niΨ(t) as the number density of
dust grains with size ai in cell Ψ at time t. Due to advection,
dust destruction and dust growth during the time interval
∆t, the niΨ(t) particles are transformed to dust across differ-
ent cells Ω ∈ C, where C is the set of all cells in the domain,
and across different dust bin sizes j ∈ N0≤Ngrain . As this is the
case for all other cells Ψ ∈ C and dust bin sizes i ∈ N0≤Ngrain
too, the number density distribution at time (t+∆t) is a sum
of the processed number densities of all cells and dust bin
sizes at time t:
∀ j ∈ N0≤Ngrain∀Ω ∈ C : njΩ(t + ∆t) =
©­­­­­«
∑
Ψ∈C,
i∈N0≤Ngrain
AiΨ jΩ(t) × niΨ(t)
ª®®®®®¬
.
(40)
Here, AiΨ jΩ is a (Ngrain+1)×NC×(Ngrain+1)×NC matrix
that fully characterises the change of number density due to
the dust-processing, and NC is the total number of cells in
the domain. Equation (40) indicates that the dust-processing
only changes the number densities at time t + ∆t and not at
time t, which is mandatory as otherwise the outcome of the
dust-processing would depend on the sequence in which the
cells and bins are evaluated. Most of the matrix elements
are 0 as the advection will shift the grains during ∆t only
to a restricted number of cells. Because of the discretisation
of time (∆t) and space (grid cells), it is necessary to outline
in which order the processes described in Sections 4.3-4.6
are considered (Section 4.7.1) and how the dust grains are
assigned to the individual grain size bins (Section 4.7.2) and
spatial cells (Section 4.7.3) at time t + ∆t.
4.7.1 Sequence of processes
Fig. 11 shows a flow chart for the sequence of processes in
Paperboats to calculate the number of dust grains for each
grain size a, dust material, cell and time-step. The following
sequence is conducted for each grain size, each spatial cell
and each time-step.
(i) At the beginning of each time-step, the dust velocities
are calculated in each cell based on the present gas density,
temperature, and velocity at time t, as well as on the dust
velocity and grain charge from the previous time-step. The
dust grains still remain in their original cells.
(ii) Using the dust velocities calculated in (i), the present
gas conditions at time t and the grain charges calculated at
the previous time-step, the dust grains first undergo grain-
grain collisions. The change of their number densities is done
for time t + ∆t: The destroyed dust grains are removed from
the dust bins and newly produced grains (e.g. by fragmen-
tation or sticking) are assigned to the corresponding size
bins. The material from destroyed grains (e.g. by vapori-
sation) is assigned to the collector bin i = 0. The newly
produced grains instantaneously achieve the velocity (calcu-
lated at time t) of the size bin they have been assigned to,
and the material in the collector bin is assumed to instanta-
neously achieve the velocity of the regular gas.
(iii) In the next step, the sputtering process (including
any gas accretion) is evaluated based on the number den-
sities at time t + ∆t. The assignation of sputtered grains to
size bins (for t + ∆t) and to their dust velocities (derived at
time t) is the same as for the grain-grain collisions in (ii).
(iv) After the evaluation of the dust destruction and
growth, the dust grains (from the number density at t + ∆t)
are shifted to neighbouring cells according to their dust ve-
locities and directions (derived at time t).
(v) Finally, new grain charges are calculated for time t+∆t
based on the present gas conditions and dust velocities in
preparation for the next time-step.
4.7.2 Assigning grains to the grain size bins
Grain-grain collisions and sputtering generate dust grains
that have to be assigned to the correct grain size bins. How-
ever, the newly produced dust grains do not necessarily have
exactly the same size as the canonical grain sizes ai associ-
ated with the bins (equation 8). In general, the new dust
grain with radius anew is located between the two dust bin
radii ai and ai+1 as ai ≤ anew < ai+1, i ∈ N<Ngrain . Assign-
ing it to one of the two dust bin sizes (e.g. the closer one)
would result in artificial dust mass destruction or growth.
Instead, both bins gain a proportion of the dust mass in
grain anew taking mass conservation into account.15 For bin
i, a proportion
Ppro =
a3
i+1 − a3new
a3
i+1 − a3i
(41)
of the dust mass and for bin i + 1 a proportion
1 − Ppro =
a3new − a3i
a3
i+1 − a3i
(42)
of the dust mass of grain anew are considered. For the cases
anew < a1 (collector bin) and anew > aNgrain one of the
constraining grain sizes is missing. Therefore, we adopt here
a1/∆a for the grain radius of bin i = 0 and ∆a aNgrain for
the radius of a imaginary bin for grains with radii larger
than the maximum grain radius amax,abs, and calculate the
splitting into the bins using equations (41) and (42). If anew
is even smaller (larger) than a1/∆a (∆a aNgrain), all the mass
of the grain with anew is associated with bin i = 0 (to the
quantity Mlarge).
4.7.3 Assigning the grains to the spatial cells
After the evaluation of dust destruction and growth the
grains are moved across the grid according to their dust
velocities. For simplicity, we describe here the 1D-motion of
the distribution of dust grains along the x-axis only. With
∆cell as the cell width, dust grains with size ai and dust ve-
locity (in the x-direction) vdust,i move in the time interval ∆t
from cell Ψ a number jmove =
(
vdust,i∆t
) /∆cell cells in the x-
direction. In general, jmove is not an integer, and in this case
15 In order to maintain mass conservation, the number density of
particles is not indicated as an integer but as a float number.
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Figure 11. Flow chart of Paperboats to calculate the number of dust grains for each grain size, dust material, cell and time-step ti .
(1 − mod[ jmove, 1]) of the dust grains are moved into the cell
Ψ+ ( jmove − mod[ jmove, 1]), and mod[ jmove, 1] of the dust
grains are moved into the cell Ψ+( jmove− mod[ jmove, 1))+1.
For 2D and 3D, the dust grains of each size and composition
are distributed in up to 4 or 8 cells, respectively.
After the motion of dust grains of size i, each cell can
contain grains of the same size that might originate from
more than one other cell. In this case, the grain number
densities in this cell for size i are just simply summed up
while the dust velocities of the grains from the individual
cells are averaged according to their frequency in order to
assign only one dust velocity for a certain grain size in a
certain cell.
5 DUST ADVECTION AND DESTRUCTION
IN CAS A
In this Section, we investigate the impact of different clump
gas densities on the dust advection as well as on the to-
tal dust destruction rate in Cas A. Therefore, we perform
2D hydrodynamical simulations of the cloud-crushing prob-
lem, as introduced in Section 3.1, using the hydrocode
AstroBEAR. The number density of the gas in the am-
bient medium is fixed to nam = 1 cm−3 at the begin-
ning of each simulation while the number density ncl of
the clump gas is varied to simulate six density contrasts
χ = ncl/nam ∈ {100, 200, 300, 400, 600, 1000}. The simulation
time is set in a manner to realise a temporal evolution of
three cloud crushing times (eq. 5) after the first contact of
the shock with the clump. Moreover, the size of the domain
is chosen to ensure that the dust material (in the form of
dust grains or dusty gas) stays in the domain throughout
the entire simulation (see Section 3.1 for details). We will
focus on the temporal evolution of the gas and dust distri-
bution in Section 5.1 and 5.2 and on the dust survival rates
in Section 5.3.
5.1 Gas advection in Cas A
The temporal evolution of the gas and dust distribution is
shown in Figs. 12–18 for the density contrasts χ = 100 and
1000. The simulation time for the density contrast χ = 1000
is longer compared to the χ = 100 case due to the larger
cloud-crushing time.
Figs. 12 and 15 show the spatial distribution of the gas
density and temperature for density contrasts χ = 100 and
1000, respectively. It can be seen that the clump is impacted
by the reverse shock and gets destroyed. During the first
cloud-crushing time (∼ 20 yr for χ = 100 and ∼ 60 yr for
χ = 1000), the outer shells of the clump are stripped off and
the material is blown away. The density in the inner parts
of the clump increases when the shock travels through the
clump and compresses it. For χ = 100, the highest densities
occurring in the domain are a factor of ∼ 16 larger than
the initial clump densities, while the rise is a factor of ∼ 40
for χ = 1000. According to this density enhancement, the
shocked clump is compressed to much smaller structures in
the case of χ = 1000. As the cooling timescale is inversely
proportional to the gas density, the gas temperature is much
lower in these high-density structures and can reach values
down to ∼ 102 K, similar to the initial clump gas tempera-
tures. Contrary, the gas temperature in the post-shock am-
bient medium rises to values of the order of ∼ 109 K. For
χ = 100, the clump starts to disintegrate after the first cloud-
crushing time. The low-density components are accelerated
and further material is stripped off, while the high-density
structures are only slowly accelerated. For χ = 1000, most of
the material is compressed into a single component which is
only slowly accelerated. Gas is stripped off from this highly
compressed material and blown away.
In total, the snapshots of the gas advection for χ = 100
show that the clump is mostly fragmented and distributed
as diffuse material, while high-density structures occur in
the case of χ = 1000, which have low gas temperatures and
which mostly withstand the disintegration process.
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Figure 12. Temporal evolution of the spatial gas density (left)
and gas temperature (right) when the reverse shock impacts the
clump. The density contrast is χ = 100. The panels show a fixed
cutout of the computational domain and the colour scale is fixed
for each column (Gas advection, χ = 100).
5.2 Dust advection in Cas A
Based on the AstroBEAR hydrodynamical output, we use
Paperboats to calculate the evolution of the spatial distri-
bution of the dust density.
We show the results for pure dust advection without
dust destruction for density contrasts χ = 100 and 1000
in Figs. 13 and 16, respectively, to emphasize the different
behaviour of carbonaceous grains of different size (a = 1, 10,
100, and1000 nm). A flat grain size distribution is chosen to
compare small and large grains of equal number densities.
One can clearly see that the small grains (a = 1 and 10 nm)
are quickly accelerated by the shock. While the distribution
of dust grains in the inner parts is compressed and forced
to higher dust number densities, grains in the outer shells of
the clump are swept along with the gas flow and are taken
away. In total, the small grains are better coupled to the
gas and follow similar density structures and enhancements
as outlined in Section 5.1. Consequently, the dust number
density in the shocked clump is strongly increased for χ =
1000, while the temperature and velocity of the surrounding
gas is low.
This behaviour is different for a = 100 and 1000 nm
grains as the grain stopping time roughly increases with dust
grain radius. The acceleration is lower and the grains need
more time to follow the flow of the shocked gas. As a con-
sequence, they form patterns that significantly differ from
the gas density distribution. The 100 nm grains for a density
contrast χ = 100 and the 1000 nm grains for a density con-
trast χ = 1000 are widely distributed and smeared out across
the domain, while the 1000 nm grains are only weakly accel-
erated for χ = 100 and are still located close to the initial
position of the clump. In all cases, most of the dust grains
are not protected by high-density and thus low temperature
gas structures, but are exposed to high-velocity gas streams
and high temperatures.
Finally, Figs. 14 and 17 show the spatial distribution
of the dust density taking into account both dust advec-
tion and destruction. The initial grain size distribution is
now log-normal, with the maximum of the distribution at
apeak = 100 nm and the distribution width is σ = 0.1. At the
beginning of the simulation, mostly dust grains with size
apeak = 100 nm exist. When the shock impacts the clump,
dust grains are destroyed by sputtering and grain-grain col-
lisions, which immediately reduces the number of 100 nm
grains. Fragmentation produces smaller grains, with more
grains with radius a = 1 nm than 10 nm, as the grain size ex-
ponent of the fragmentation size distribution is γfrag = 3.5
(see Appendix C). These small grains are produced where
the shock penetrates into the clump and form a crescent-
shaped or circular-shaped pattern around the inner, still
unshocked part of the clump. The shock velocity decreases
at deeper clump layers and reduces the grain-grain collision
rate and thus the production of fragments. As the small dust
grains are well coupled to the gas, they follow the gas flow
and form similar patterns as in the case of pure dust advec-
tion. However, regions with high number densities of dust
grains, which could still be seen at the end of the simula-
tions when the dust was only advected, have vanished once
dust destruction is taking into account and the dust num-
ber densities of the mass-dominating species (here 100 nm
grains) are lower. Both effects significantly reduce the total
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Figure 13. Temporal evolution of the spatial dust density when the reverse shock impacts the clump. The first, second, third, and fourth
column show the distribution of 1, 10, 100, 1000 nm grains, respectively. The density contrast is χ = 100. The panels show a cutout of
the computational domain and the colour scale is fixed for each column. The dust is only advected, not destroyed (Dust advection,
χ = 100).
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Figure 14. Same as Fig. 13, but with dust destruction (Dust advection + destruction, χ = 100).
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Figure 15. Same as Fig. 12, but for a density contrast χ = 1000
(Gas advection, χ = 1000).
dust mass in the domain. On the other hand, dust grain
growth is not efficient and no significant amounts of dust
grains of size a > 100 nm are built up. The right column
in Fig. 14 and 17 also shows the spatial distribution of the
dusty gas, which is an indicator for dust destruction. The
dusty gas instantaneously follows the gas flow when it is be-
ing continuously produced by the ongoing dust destruction
processes.
In summary, we can see that there is a strong interplay
between the processes of dust advection and dust destruc-
tion: dust advection determines the grain velocities as well as
the locations of the dust grains and therefore has a strong
influence on the dust destruction efficiency. On the other
hand, dust destruction rearranges the grain size distribu-
tion and triggers, due to the size-dependent collisional and
plasma drag, the dust advection.
5.3 Dust destruction in Cas A
Based on the hydrodynamical output, we use Paperboats
to determine the dust survival rates as a function of clump
densities and initial dust properties. According to studies of
dust formation in SN ejecta, the size distribution function
of each grain species is predicted to be approximately log-
normal with grain sizes in the range of ∼ 1−100 nm (e.g. To-
dini & Ferrara 2001; Nozawa et al. 2003). In contrast, obser-
vations have indicated the presence of grains of sizes around
1µm in the ejecta of a number of CCSNe (e.g. Gall et al.
2014; Owen & Barlow 2015; Wesson et al. 2015; Bevan &
Barlow 2016; Bevan et al. 2017). We vary the two param-
eters apeak and σ for the log-normal initial distribution16
over a range of 10 nm− 7µm and 0.02− 2.2, respectively, and
calculate the dust survival rate η for the six density con-
trasts χ for the case of carbon (Fig. 19) and silicate dust
grains (Fig. 20). The survival rate η is defined as the ra-
tio of the total mass of all dust grains in all bins (bin 1 to
Ngrain, plus Mlarge) at time t = tsim to the total dust mass at
t = 0. Material in bin 0 (dusty gas) is denoted as destroyed
dust material, while fragments of shattered grains with sizes
above 0.6 nm are assigned to the surviving dust mass.
The dust destruction is triggered by sputtering, grain-
grain collisions and the dust advection, whereby the de-
struction effects have different impacts for different initial
distributions. Furthermore, the influence of sputtering and
grain-grain collisions strongly depends on the clump density
contrast χ.
For carbon dust and χ = 100, sputtering destroys most
of the dust material for initially small dust grains and the
dust survival rate is very low for narrow initial distributions
with small apeak values (see Fig. 21, left). Fig. 21 (right)
shows the dust survival rate η in the case of grain-grain
collisions only (without sputtering, χ = 100), reflecting the
complexity of the fragmentation and vaporisation processes.
However, it can be seen that the dust material is mostly
destroyed in the case of broad initial distributions, while
narrow distributions are much less affected by grain-grain
collisions, and small dust grains (small σ and apeak) have a
larger survival rate than large grains.
16 In addition, we calculate in Appendix E the dust survival rate
if the initial grain size distribution follows a power-law.
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Figure 16. Same as Fig. 13, but for a density contrast χ = 1000 (Dust advection, χ = 1000).
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Figure 17. Same as Fig. 14, but for a density contrast χ = 1000 (Dust advection + destruction, χ = 1000).
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Figure 18. Gas density and gas temperature profiles for a density contrast χ = 100 (top) and χ = 1000 (bottom). The x-axis is presented in
shock direction and through the midpoint of the original clump. From left to right, the panels correspond to times 0.22τcc, 0.73τcc, 1.02τcc,
and 2.47τcc after the first contact of the shock with the clump, and can be compared to Fig. 5 in Silvia et al. (2010).
The total survival rate of the dust is a function of the
interplay of both processes plus the dust advection, if sput-
tering and grain-grain collisions are combined. In general,
narrow initial size distributions (σ . 1) tend to have higher
survival rates than broad initial distributions (σ & 1), which
is a direct result of the impact of the grain-grain collisions:
the broader the distribution, the higher are the relative ve-
locities between small and large grains, which increases the
total number of colliding dust grains as well as their collision
velocities, both resulting in higher dust destruction rates.
In the following, we will focus on different grain size
ranges for narrow initial size distributions, starting with the
smallest grains. Grains with radii below 100 nm are well cou-
pled to the gas (see Section 5.2), and thus most of the grains
are located in the high-density gas regions. However, even
the moderate local gas conditions are sufficient to destroy
MNRAS 000, 1–34 (2019)
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Figure 19. Carbon dust survival rates as a function of the density contrast χ between the gas in the clump and the gas in the ambient
medium. The parameters apeak and σ describe the peak as well as the width (increasing from small to large values) of the INITIAL
dust grain size distribution (see Fig. 4). Each box represents one parameter configuration; in regions of particular interest, the parameter
resolution is increased.
most of the dust material, as the dust survival rate in the
case of pure sputtering indicates (Fig. 21, left). The pres-
ence of grain-grain collisions could further amplify the de-
struction. Consequently, the dust survival rate η of narrow
initial distributions with grain radii below 100 nm is low.
Larger dust grains of a few 100 nm are still moderately cou-
pled to the gas but more robust to withstand dust destruc-
tion processes. Therefore, initial size distributions with these
medium sized dust grains have higher probabilities to sur-
vive the passage of the reverse shock. In the case of χ = 100,
these are η = 13% for apeak = 1000 nm and σ = 0.02. Narrow
initial distributions with apeak between 150 nm and 1500 nm
show survival rates larger than 8%.
The dust grains get more and more decoupled from the
gas flow with increasing grain size, which is accompanied
by an exposure to higher gas temperatures, larger gas ve-
locities, and a larger dust velocity spreading. While grains
of a few micrometers radius have a significant survival rate
MNRAS 000, 1–34 (2019)
24 F. Kirchschlager et al.
0.02
0.05
0.1
0.2
0.4
0.7
1.0
1.5
2.2
10 20 50 100
200
500
1000
2000
5000
σ
apeak [nm]
Log−normal distribution
 0
 5
 10
 15
 20
 25
 30
S u
r v
i v i
n g
 d
u s
t  m
a s
s  
η  
[ %
]
χ = 100
Silicate
Figure 20. Same as Fig. 19, only for silicate grains for the case
of χ = 100.
if either sputtering or grain-grain collisions are considered
(Fig. 21), the combined destruction effects erode and pro-
cess these grains to smaller particles, which again are then
easily destroyed. In total, the dust survival rate η drops at
grain sizes of a few micrometers.
Finally, the largest considered grains (7µm) again show
an increase in the survival rate. As the total gas mass, and
thus the total dust mass, is constant at the beginning of
each simulation, an increase of the grain size results also
in a decrease of the product of the number densities and
cross sections of the grains. Therefore, the collision proba-
bility (equation 22) becomes lower and the largest considered
grains can survive. For apeak = 7µm and σ = 0.02, η = 9%
of the initial carbon dust mass survives. This is consistent
with the increased collisional timescale for large grains as
outlined in Section 4.5.1.
We wish to highlight that grain-grain collisions and
sputtering are synergistic processes. When a grain-grain col-
lision results in fragmentation, and the smallest fragments
are larger than 0.6 nm, no dust is destroyed in the sense
of our definition of the dust survival rate η. However, the
fragments can then be eroded by sputtering which is more
efficient than sputtering of the original, larger grains. There-
fore, grain-grain collisions take over the preliminary work in
dust-processing, with or without vaporising dust material,
and sputtering can then erode the resulting fragments. Con-
sequently, the total dust destruction rate by sputtering and
grain-grain collisions can be significantly higher than their
individual contributions acting alone (Fig. 22). Slavin et al.
(2015) also outlined the importance of grain-grain collisions
for altering the grain size distribution and for the sputtering
of the resulting fragments for the case of SN shocks impact-
ing the ISM.
The survival fractions η change for other density con-
trasts χ as sputtering, grain-grain collisions and the dust ad-
vection are affected. The shock velocity in the clump scales
as χ−1/2 and thus decreases with increasing χ while the cool-
ing timescale is inversely proportional to the gas density.
Both mitigate kinematic and thermal sputtering for the case
of χ = 200 and larger density contrasts. Small dust grains fol-
low the gas flow and are then better protected in the denser
clumps and less exposed to the hot post-shock gas. As a
result, small grains can more easily survive and the dust
survival rate increases for narrow initial distributions with
small apeak values. Simultaneously, the enhanced gas density
in the clump is equivalent to an enhanced number density
of dust grains, which increases the collision probability and
reduces the chances of survival for the medium sized dust
grains.
Fig. 23 (left) shows cuts of Fig. 19 for a fixed distri-
bution width (σ = 0.02) for carbon dust. It can clearly
be seen that two grain size ranges exists for which the
dust survival rate is up to 30%. For low and medium den-
sity contrasts (χ = 100 − 400), a large proportion of the
dust material can survive if the initial dust grain radii
peak around ∼ 500 − 1500 nm, whereas, high density con-
trasts (χ > 400) enable small dust grains with sizes around
∼ 10−50 nm to survive the passage of the reverse shock in the
ejecta clump. We want to highlight that the former values
match very well the grain sizes derived from observations
(∼ 1µm; e.g. Wesson et al. 2015) and the sizes predicted by
dust formation studies (∼ 1−100 nm; e.g. Nozawa et al. 2003),
respectively.
The dust survival rate η of silicate grains is shown in
Fig. 20 for the density contrast χ = 100. We find that silicate
grains with initial radii around 100 nm have a survival rate of
up to 9% and a lower rate at smaller grain sizes. However,
the highest survival rates η exist for narrow distributions
with grain sizes of a few micrometers (up to 31%) where the
collision probabilities are reduced due to the reduced number
densities at these large grain sizes. Similarly to carbon dust,
this effect vanishes for larger χ (Fig. 23, right). It can be
further seen, that also for silicate dust two grain size ranges
exist for which the survival rate is increased. For low density
contrasts (χ = 100− 200), dust can survive if the initial dust
grain radii peak around ∼ 100 nm, though this survival peak
is with η = 9% not as significant as for carbon dust. In ad-
dition, medium and high density contrasts (χ & 200) enable
small dust grains with sizes around ∼ 10 − 30 nm to survive
the passage of the reverse shock with a survival fraction of
up to 40%.
Two dust growth processes have been considered in our
study: gas accretion as “negative” sputtering and the stick-
ing of dust grains in low-velocity collisions. Both effects are
found to be minimal which is a consequence of the high ve-
locities in our simulations. As a result, the contribution to
the total dust budget of Mlarge, the dust mass of all grains
in the domain with radii larger than amax, abs, is negligible.
We have discussed so far only the initial dust proper-
ties. However, when the reverse shock has passed the clump
and processed the dust, the remaining dust mass has been
rearranged into a new grain size distribution (Fig. 24). This
new, final distribution is essentially composed of two com-
ponents: The first is the remnant of the initial distribution,
though reduced in grain number density due to sputtering
and collisions. The distribution of this component is smeared
out to lower grain sizes, as the sputtering has reduced the
dust grain sizes. The second component is a power-law dis-
tribution of smaller dust grains that reflect the fragments of
shattering collisions, and is defined by equation (C9). When
the initial size distribution is narrow, the final size distribu-
tion shows a gap between the two components, which is a
consequence of the fact that the largest fragments are sig-
nificantly smaller than the original grains (except for partial
MNRAS 000, 1–34 (2019)
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Figure 21. Same as Fig. 19, only for carbon dust destruction by just one of the two processes (left: sputtering, right: grain-grain
collisions) for the case of χ = 100.
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Figure 22. Comparison between carbon dust destruction by
sputtering (blue), grain-grain collisions (green) and by their com-
bined effects (red) as a function of time for an example simulation
(χ = 100, apeak = 300 nm, σ = 0.05). Since sputtering and grain-
grain collisions are synergistic, the total destruction rate is higher
than that of the single processes.
destruction or cratering). However, as the first component
is smeared out by sputtering to smaller dust grain sizes and
since sputtering is more efficient for smaller grains, the gap is
most pronounced for narrow initial distributions with large
dust grains.
The final grain size distributions indicate that the grain
sizes of the initial distribution are still present after the dust-
processing, but reduced in number. As a consequence, if mi-
crometer sized carbon grains are able to form in the SN
ejecta, some of them will survive the passage of the reverse
shock while it is harder to explain the presence of microme-
ter sized silicate grains.
6 COMPARISON TO PREVIOUS STUDIES
A number of previous studies have investigated dust destruc-
tion rates caused by the passage of an SNR reverse shock.
Their formalisms, approach and models are quite different,
and some of them examined the temporal evolution of the
clump-free remnants up to ∼ 104 − 105 yr. However, we at-
tempt to verify our results by comparing with appropriately
chosen cases. In most works, only sputtering without grain-
grain collisions has been considered. Since many investigated
the impact of pure sputtering on carbon dust (Fig. 21), we
will mainly compare to this case. We start with several works
on SNRs in general before focussing on Cas A.
Bianchi & Schneider (2007) investigated the dust de-
struction rate for a uniform, clump-free density distribution
inside the ejecta of a SN with kinetic energy 1.2 × 1051 erg.
They re-evaluated the initial grain size distribution from
the study of Todini & Ferrara (2001) for a progenitor with
mass 12 − 40M, resulting in an initial log-normal size dis-
tribution for carbon grains which peaked at apeak ∼ 10 nm,
with a width of σ ∼ 0.3. Using the semi-analytical model
of Truelove & McKee (1999) to describe the dynamics
of the reverse shock, they computed the dust destruction
from both thermal and kinematic sputtering, but neglected
gas drag and grain charge. In their model the velocity of
the reverse shock, and thus the dust survival rate, is a
function of the density of the surrounding ISM (ρISM =
10−25, 10−24, 10−23 g cm−3) and of the reverse shock velocity.
They found a survival rate η = 2−20% of the total ejecta dust
mass, depending on the ISM density, however, they did not
distinguish between the rates for the contributing dust com-
positions, carbon or silicate. Compared to that, we find for
an initial log-normal carbon distribution with a peak-size of
apeak = 10 nm and a width of σ = 0.3, plus a density contrast
χ = 100, a survival rate below 1% (Fig. 21). However, the
comparison suffers due to the adoption of a uniform, clump-
free medium in the study of Bianchi & Schneider (2007).
Nozawa et al. (2007) evaluated the time evolution of the
clump-free gas density and gas temperature of spherically
symmetric shocks, adopting 1D hydrodynamic models of the
ejecta of Population III SNe from Umeda & Nomoto (2002).
For each grain size they calculated the dust motion due to
MNRAS 000, 1–34 (2019)
26 F. Kirchschlager et al.
S u
r v
i v i
n g
 d
u s
t  m
a s
s  
η  
[ %
]
apeak [nm]
χ =   100
χ =   200
χ =   300
χ =   400
χ =   600
χ = 1000
 0
 5
 10
 15
 20
 25
 30
 35
 40
 10  20  50  100
 200
 500
 1000
 2000
 5000
σ = 0.02
Carbon
S u
r v
i v i
n g
 d
u s
t  m
a s
s  
η  
[ %
]
apeak [nm]
 0
 5
 10
 15
 20
 25
 30
 35
 40
 10  20  50  100
 200
 500
 1000
 2000
 5000
σ = 0.02
Silicate
Figure 23. Left : Cuts of Fig. 19 for a fixed width σ = 0.02 of the initial distribution of carbon grains. The plot shows that the dust
survival rate η is enlarged if the initial size distribution is composed only of small dust grains (∼ 10 − 50 nm), in the case of density
contrasts χ & 600, or of medium-sized grains (∼ 500 − 1500 nm) for χ < 600. Right : Same as left, only for silicate dust.
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Figure 24. Final grain size distributions of carbon dust after
processing by sputtering and grain-grain collisions (coloured ar-
eas). The number of particles per unit volume and grain size is
shown as a function of grain size a for different apeak of the initial
distribution. The initial distributions are shown as dashed lines,
and the coloured areas of the final distribution cover each other.
Two components can be differentiated for each final distribution:
a power-law distribution of small grains, and the remnant of the
initial distribution at larger grain sizes.
the gas drag to evaluate the velocity relative to the gas. The
initial carbon grain size distribution was log-normal and was
adopted from Nozawa et al. (2003), with apeak ∼ 10 nm and
σ ∼ 0.8 in the case of a progenitor mass of 20M. Thermal
and kinematic sputtering were considered as dust destruc-
tion processes. Depending on the density of the surrounding
ISM (nISM = 0.1 − 10 cm−3), they found a survival rate of
between 10 and 85% for the carbon dust component, and
1 − 61% for the total dust mass. In particular, grains with
initial sizes below 50 nm were completely destroyed by sput-
tering in the post-shock gas. Considering our sputtering only
case (Fig. 21), with apeak = 10 nm and σ = 0.85, we find in
our simulations a carbon dust survival rate of η = 43%. Our
results depend strongly on the width of the initial distri-
bution. Slightly broader distributions (σ = 1.0) result in a
survival rate of η = 74%, while only 15% of the initial dust
material survives for σ = 0.7. Taking into account the clump-
free model in Nozawa et al. (2007) and the uncertainty in
the reverse shock velocity due to the variation of the ISM
density, our values broadly match the dust survival rates of
Nozawa et al. (2007).
Nath et al. (2008) investigated the dust destruction rate
for a 1D, clump-free, analytical evolution model for a SN
with explosion energy 1× 1051 erg. Considering only thermal
sputtering they found survival rates of η = 80− 99% for car-
bon and silicate dust. These relatively high survival rates
are a consequence of the disregard of further sputtering of
grains in the hot plasma between the forward and reverse
shock, the neglect of dust motions and kinematic sputtering,
the assumption of a gas with solar abundances, and the use
of a maximum grain size of 300 nm for a power-law distribu-
tion for which most of the mass is in the form of large dust
grains (which are more robust against sputtering).
Silvia et al. (2010) conducted 3D hydrodynamical sim-
ulations of the cloud-crushing scenario, for different shock
velocities and density contrasts between the clump gas and
the gas in the inter-clump medium, and evaluated the cor-
responding dust destruction in a post-processing routine.
The dust was directly coupled to the gas (no drag), which
is why only thermal sputtering and not kinematic sputter-
ing or grain-grain collisions were considered. Similarly to
the study of Nozawa et al. (2007), the initial grain size
distribution was adopted from Nozawa et al. (2003) for
a progenitor with mass 20M (apeak ∼ 10 nm, σ ∼ 0.8).
For χ = 100 and vsh = 1000 km/s (3000 km/s), they found
η = 96% (95%) for the survival rate of carbon dust. Con-
sidering our sputtering only case (thermal and kinematic;
Fig. 21), with apeak = 10 nm and σ = 0.85, we get from
our simulations a carbon survival rate of η = 43%. Slightly
narrower or broader distributions result in survival rates of
η = 15 − 74%. Taking into account the different dust pro-
cesses (e.g. no kinematic sputtering, size-dependent dust
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drag or grain charging) and a much lower gas molecular
weight (∼ solar abundance), we discern no clear disagree-
ments between our results and those of Silvia et al. (2010),
although the results for the models that are best suited for
comparison diverge. Silvia et al. (2012) considered higher
metallicity cases but found no significant deviations if the
shock velocity was ≤ 3000 km/s.
While the above studies treated the ejecta of general
SNe, the following focussed on Cas A in detail:
Nozawa et al. (2010) applied the method of Nozawa
et al. (2003) to model dust formation in the ejecta of a Type
IIb SN. Compared to a Type II-P SN, the gas densities are
lower which causes the formation of smaller dust grains with
average radii below 10 nm for carbon and silicates. Following
the method of Nozawa et al. (2007), dust destruction rates
were determined on the basis of 1D hydrodynamic models
simulating a clump-free ejecta. The reverse shock velocity is
again a function of the density of the circumstellar medium.
For all scenarios, the dust was completely destroyed (η <
0.1%) as the relatively small grains are easily sputtered in
the clump-free ejecta.
Biscaro & Cherchneff (2016) modelled kinematic sput-
tering within over-dense clumps in the ejecta of a Type II-n
SN in its remnant phase. Further, they considered thermal
sputtering in the inter-clump medium after destruction of
the clump by the reverse shock. The initial grain size distri-
bution was adopted from Biscaro & Cherchneff (2014) where
the carbon grains peak at apeak ∼ 0.9 nm (σ ∼ 0.25) and the
silicate grains at apeak ∼ 2 nm (σ ∼ 0.25). These small grains
are very easily sputtered. The silicate dust was completely
destroyed while a population of very small carbon grains
(0.4− 0.8 nm) could survive the passage of the reverse shock.
Considering further dust materials such as alumina (Al2O3)
and silicon carbide (SiC), a total fraction of η ∼ 6 − 11% of
the dust mass could survive. Their high destruction rates for
silicate and carbon dust are matched by our results when we
assume initial dust grain sizes below 10 nm. Biscaro & Cher-
chneff (2016) also investigated dust destruction in Type II-P
SNe as well as for a model for SN1987A (Sarangi & Cherchn-
eff 2015), both with higher gas densities and thus larger ini-
tial grain sizes. Coupled with high over-densities (χ ≥ 1000)
in the ejecta, they found significantly higher dust survival
rates of η ∼ 14−45% and ∼ 42−98% of the total initial dust
mass, respectively.
Micelotta et al. (2016) generalized the analytical model
of Truelove & McKee (1999) for the dynamics of Cas A.
For an explosion energy of 2× 1051 erg and an ejecta mass of
2M they reproduced the dynamics and the evolution of the
density and temperature within the ejecta of Cas A. Over-
dense clumps (χ = 100) were added to the ejecta and it was
assumed that they do not affect the dynamics of the reverse
shock in the inter-clump medium. Silicates and amorphous
carbon were adopted as dust components, initially follow-
ing a MRN power-law distribution with amin = 5 nm and
amax = 250 nm. Kinematic sputtering by pure oxygen gas
then eroded the dust grains within the clump while thermal
sputtering was limited to the phase when the dust grains are
ejected into the hot post-shock gas of the ambient medium.
Neglecting grain-grain collisions, they found a survival rate
of η ≈ 13−17% for carbon dust and 10−13% for the silicate
component. A comparison to our study is difficult as their
initial size-distribution followed a MRN distribution. We in-
vestigate a power-law distribution in Appendix E and find
for the MRN grain sizes a carbon survival rate below 1%,
however, grain-grain collisions are considered which con-
tribute significantly to the destruction of the larger grains.
Considering sputtering only, we find for the log-normal dis-
tribution a carbon dust survival rate of 63% for grains of
initial peak radius apeak = 250 nm, while the survival rate
is substantially lower for smaller grain radii (e.g. 5% for
50 nm grains). Therefore, our simulations constrain the car-
bon survival rate to 0 − 63% if the conditions given in the
study of Micelotta et al. (2016) are taken into account, and
we discern no disagreement between their results and ours.
Finally, the study of Bocchio et al. (2016) is to our
knowledge the only previous ejecta dust study that si-
multaneously considered sputtering and grain-grain colli-
sions. They extended the semi-analytical model of Bianchi
& Schneider (2007) by including the full dynamics of dust
grains within the ejecta of Cas A. Vaporisation and fragmen-
tation processes were implemented following the treatment
of Jones et al. (1994, 1996). Their applied dust-formation
model (Marassi et al. 2015) resulted in initial grain sizes that
were significantly larger compared to previous studies, with
log-normal distributions for carbon (apeak ∼ 120 nm, σ ∼ 0.3)
and silicate dust (apeak ∼ 50 nm, σ ∼ 0.35). Since their mod-
els were clump-free, the dust grain number densities were low
and grain-grain collisions were rare events and contributed
little to the dust destruction. However, they found a survival
rate of η ≈ 1% of the total dust mass, whereby mainly car-
bon dust had a survival rate of 9% while the silicate dust
components were completely destroyed. Compared to our
clumped study we would predict a carbon survival rate of
η = 40% if only sputtering is considered, but 6% if sputter-
ing and grain-grain collisions are considered together. The
differences can be explained by the presence of clumps: In
the case of sputtering only, the grains are sheltered in the
clumps from the high gas velocities caused by the shock and
from the high gas temperatures in the inter-clump medium,
reducing the kinematic and thermal sputtering rates and
thus increasing the survival rates of the dust material. On
the other hand, if grain-grain collisions are taken into ac-
count the over-dense clumps increase the grain number den-
sity and thus the collision probability, which decreases the
dust survival rate.
In summary, a direct comparison of our results with
previous studies is complicated by the different approaches
that have been used (numerical/hydrodynamical or (semi-
)analytical), the diverse morphologies of the ejecta that have
been considered (clumpy or smooth, evolutionary or static)
and the various dust physics implemented (from gas drag
to grain-grain collisions). A significant difference is present
in studies with clumps: firstly, clumpy ejecta generally tend
to form larger dust grains compared to grains in smooth
ejecta, as a consequence of their higher gas densities. Con-
sidering only sputtering, such grains are harder to destroy.
Secondly, the dust is protected in clumps from the high gas
velocities arising from the reverse shock passage, mitigating
the efficiency of kinematic sputtering. Thirdly, the grains
are not exposed to the harsh conditions in the post-shock
ambient gas, reducing the efficiency of thermal sputtering.
Therefore, the presence of clumps significantly reduces dust
destruction rates if only sputtering processes are considered.
On the other hand, we have seen that grain-grain collisions
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can destroy significant amounts of dust for the case of large
grains in high-density clumps.
The present study is the first work to consider grain-
grain collisions in clumpy ejecta, and also the first to treat
gas and plasma drag, kinematic sputtering and further dust
processing such as gas accretion or grain-grain sticking as
part of a hydrodynamical simulation of the reverse shock in
a SNR.
7 CONCLUSIONS
We have investigated the effects of a range of clump densi-
ties on dust survival rates during passage through the reverse
shock in Cas A. For this purpose, we have developed the dust
post-processing code Paperboats to calculate dust advec-
tion and dust destruction in the ejecta of the SNR based
on the output of the hydrodynamical simulations using As-
troBEAR. We summarise here the code description as well
as the results of our dust destruction simulations for Cas A.
7.1 Paperboats
Paperboats is a post-processing code to calculate the dust
destruction and dust growth in a streaming gas. The dust
is accelerated by the moving gas via collisional and plasma
drag. The calculation of the grain charge is performed for
a moving grain in an ionised gas with respect to impinging
electrons and ions, secondary electron emission, transmis-
sion/tunnelling effects, and field emission.
Dust destruction and dust growth processes occur in
the form of sputtering and grain-grain collisions. For the
sputtering, thermal and kinematic sputtering are considered,
as well as a size-dependent factor to correct the sputtering
yields of semi-infinite targets. The penetration depths of ions
into the dust material are calculated using the Bethe-Bloch
formalism. Gas accretion onto the dust grains is realised in
the form of “negative” sputtering and Coulomb interaction
between charged grains and the ionised gas are considered.
Along with thermal and kinematic sputtering, grain-
grain collisions are also considered as a major component
of the dust-processing. Collisions occur due to the relative
velocities between grains of different sizes, caused by the
size-dependent gas and plasma drag. The collisions are cal-
culated assuming a homogeneous distribution of dust grains
with an isotropic velocity field for each grain size, dust ma-
terial, cell, and time point, respectively. Depending on the
collision energy, the dust grains can vaporise, shatter into
smaller fragments, bounce, or stick together. Coulomb in-
teractions between charged grains as well as between the
ionised gas and charged grains have an effect on the collision
or impact velocity as well as on the collision cross sections,
and are taken into account.
Using the described formalisms, we are able to track
with time the spatial distribution of the dust grain density,
for each dust grain size and dust material. This allows us
to follow the evolution of the grain size distribution and
particularly the total dust mass, as well as to investigate the
enrichment of metals in the gas due to the destruction of dust
grains. In general, the dust survival rate in various CCSNe
remnants can potentially be determined by adjusting the
shock velocity, the gas and dust properties, the gas-to-dust
mass ratio and the clump size, as well as the gas density and
temperature in the clump and the ambient medium.
7.2 Results for dust destruction in Cas A
In order to examine the dust survival rate in Cas A, we have
simulated the impact of the reverse shock on an oxygen-rich,
cooled clump of gas and dust embedded in a low-density
ambient medium of gas. We find that dust survival rates
strongly depend on the grain sizes and the widths of the
initial grain size distributions, as well as on the gas density
contrast between the clump and the ambient (inter-clump)
medium. Density contrasts between 100 and 1000 have been
investigated.
Low and medium gas density contrasts (χ < 600) tend
to preserve carbon dust material if the initial grain sizes
are around ∼ 0.5 − 1.5µm, while large density contrasts
(χ & 600) enable distributions with initial grain sizes around
∼ 10 − 50 nm to survive. We find the highest dust survival
rates (up to η = 30%) for narrow initial size distribu-
tions with grain radii around 20 nm radius (density contrast
χ = 1000) or 1µm (χ = 300).
Silicate grains with initial radii around 100 nm show
survival rates of up to η = 9% for low gas density
contrasts (χ . 200). Medium and high density contrasts
(χ & 200) enable silicate distributions with initial radii
around ∼ 10 − 30 nm to survive the reverse shock with a sur-
viving fraction of up to 40%.
For both silicate and carbon grains, an enhanced sur-
vival rate exists for low density contrasts (χ ∼ 100) and ini-
tial grain sizes of a few micrometre. The enhancement can
be explained by the low number density of these grain sizes
and in this environment, which mitigates the importance of
grain-grain collisions, as well as by the negligible impact of
sputtering for large grains.
We find that grain-grain collisions are crucial for dust
destruction by the reverse shock and have to be taken into
account. Moreover, sputtering and grain-grain collisions are
synergistic. The surviving dust material is rearranged into a
new size distribution that can be approximated by two com-
ponents: a power-law size distribution of small grains and a
log-normal distribution of grains with the same size range
as the initial distribution. The rate of dust growth by gas
accretion or grain sticking is very low which is a consequence
of the high velocities occurring in our simulations.
Dust formation theories favour the formation of dust
grains of radii ∼ 1−100 nm in the ejecta of SNe (e.g. Nozawa
et al. 2003). When the density contrast between clump
and ambient medium is of the order of ∼ 600 − 1000, car-
bon grains of that size show a relatively high survival rate
and should be able to contribute to the dust budget of the
ISM. For silicate grains, even lower gas density contrasts
(χ & 200) enable the survival of a significant fraction of the
dust mass. However, several observational studies have in-
dicated the presence of dust grains in the micrometre size
range. Our study indicates that if such large grains of car-
bonaceous material are able to form in the SN ejecta, some
of them are able to survive in clumps with density contrasts
of ∼ 100 − 400. In contrast, silicate material having initial
distributions with grain sizes around 1µm is completely de-
stroyed.
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7.3 Outlook
We are able to follow the temporal and spatial density dis-
tribution of dust grains of different sizes during the destruc-
tion of an over-dense clump by a reverse shock. We will focus
on this evolution in a future work and investigate the po-
tential impact of 3D simulations instead of the current 2D
simulations. Moreover, the presence of magnetic fields has
been proven in SNRs, which will affect the dust trajectories
of charged grains. In particular, the gyro-motions of charged
grains due to betatron acceleration will change the frequency
of collisions. We intend to make Paperboats available in
the public domain after corresponding development. In a
future study we will implement the dust-processing directly
into the magneto-hydrodynamical code AstroBEAR in or-
der to increase the accuracy of our modelling, in particular
to increase the spatial and temporal resolution in order to
investigate small-scale and feedback effects.
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APPENDIX A: GRAIN POTENTIAL IN AN
IONISED GAS
Here, we summarise the fitting function for the grain poten-
tial Φtotal, for full details we refer to Fry et al. (2018).
The total grain potential Φtotal is the sum of six poten-
tials Φx which correspond to different charging regimes and
which are weighted by six scaling functions wi, i ∈ N≤6,
Φtotal =
[
Φimp (1 − w2) + Φsta + Φse1w2 + Φse2w2w3
] ×
w1w6 (1 − w4) + Φtraw4w5 + Φthew2(1 − w4)(1 − w6),
(A1)
where
Φimp = −0.084 + 1.112 × 10−3 v27 +
(
Trel
T5
)0.75
, (A2)
Φsta = 1 −
√
mion
me
exp [Φsta], (A3)
Φse1 = 1.74
(
1 − exp
[
−0.1037v27
] )
+ 1.005, (A4)
Φse2 = max
(
0,−0.2267v27 + 1.43
)
, (A5)
Φtra = 0.1953T −0.1625 , (A6)
Φthe = 0.1862 ln [T5] − 1.756, (A7)
and
w1 =
(
1.0 +
(
Timp/T5
)36.99)−1
Θ
(
Ttra − Timp
)
, (A8)
w2 =
(
1.0 + (Tse1/T5)38.48
)−1
, (A9)
w3 =
(
1.0 + (Tse2/T5)(1.563+ 0.3545 ln [v7])
)−1
, (A10)
w4 = exp
[
−
(
Tcri
T5
)4]
, (A11)
w5 = exp
[
−
(
a
10 λesc
)4]
, (A12)
w6 = exp
[
−
(
T5
Tthe
)4]
, (A13)
with
v7 = vrel/
(
107 cm/s
)
, (A14)
T5 = Tgas/
(
105 K
)
, (A15)
Trel = 0.2506 v27, (A16)
Timp = 0.3433 v27, (A17)
Ttra = 10.57
(
1.0 − exp
[
−
(
λesc
a
)0.75])−1
, (A18)
Tse1 = 3.404 v27, (A19)
Tse2 = 34.82 v1.2237 , (A20)
Tcri = max
(
Ttra,Timp
)
, (A21)
Tthe = max
(
703.8, 9.964 v27
)
, (A22)
and mion,me and Θ are the ion and electron mass
and the Heaviside step function, respectively. Following
Fry et al. (2018), the escape length for electrons is
λesc = Re(Emax)/(Rm(Le))Le , with Re(Emax) = R˜
(
Emax
1 keV
)β
as the stopping range of electrons at energy Emax = 0.4 keV.
For the dust material17 Fe2O3, the escape length parame-
ters are Le = 1.5935 and Rm(Le) = 1.1611, and the stop-
ping range parameters of electrons are R˜ = 7.1477 nm and
β = Le = 1.5935, which gives the escape length for electrons
as λesc = 1.308 nm.
17 We selected Fe2O3 as a substitute for silicate from a list
comprising Fe, FeO, Fe2O3 and Fe3O4, for which the param-
eters were derived using the CASINO software (Drouin et al.
2007). However, the differences between these four materials for
Le, Rm(Le), R˜ and β are small.
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To account for field emission, Φtotal for a grain of radius
a is limited by (McKee et al. 1987)
Φmin ≤ Φtotal ≤ Φmax, (A23)
where
Φmin = −116T5
(
a
1µm
)
, (A24)
Φmax =
3480
T5
(
a
1µm
)
. (A25)
APPENDIX B: THE IMPACT OF GRAIN
CHARGE ON GRAIN-GRAIN COLLISIONS
Grain charging causes a repulsion or attraction of the grains
during a grain-grain collision. This additional force has an
impact on the collision velocity and cross section and the
actual values are calculated here.
B1 Collision velocity
At large distances (r = ∞), the Coulomb force between
two grains i and j with charges Qi and Q j , respectively,
can be ignored. The velocity difference between i and j is
|vdust,i − vdust, j | and the energy of the reduced mass is just
the kinetic energy
Ekin,∞ =
1
2
mimj
mi + mj
|vdust,i − vdust, j |2. (B1)
When the two dust grains collide, their separation is r =
ai + aj and the potential energy is (in cgs-units)18:
Epot,col =
Qi Q j
ai + aj
. (B2)
We assume here, that the grain charges are located in the
centres of the dust grains. The kinetic energy at the moment
of the collision is
Ekin,col =
1
2
mimj
mi + mj
v2col. (B3)
As a consequence of energy conservation, and after dividing
by Ekin,∞, it follows that:
1 = Epot,col/Ekin,∞ +
(
vcol/|vdust,i − vdust, j |
)2
. (B4)
Introducing
αq = Epot,col/Ekin,∞ =
2Qi Q j (mi + mj )
(ai + aj )mimj |vdust,i − vdust, j |2
,
(B5)
we get:
vcol = (1 − αq)0.5 |vdust,i − vdust, j |. (B6)
The dust grains collide if αq < 1, otherwise the charge re-
pulsion is so large that a collision is prevented.
b 
rmin
v
Figure B1. Depiction of the collision of charged grains and in
particular the two scattering parameter b and rmin. Here, the
grains are both positively or negatively charged, which causes a
repulsion, and σcol = pib
2 < pir2min.
B2 Collision cross section
The collision of charged grains i and j is related to Ruther-
ford’s scattering experiment in which the particles are elas-
tically scattered by the Coulomb interaction (Rutherford
1911). For the scenario in which the two charged grains just
touch each other, one can derive19
1
2
mimj
mi + mj
v2min = Etot
b2
r2
min
. (B7)
Here, vmin is the velocity at the minimum distance
rmin = ai + aj , which is just the distance at the collision,
and thus vmin = vcol. Etot is the total energy, which is equal
to the kinetic energy at large distances (equation B1) and b
is the distance between a grain path for a non-central col-
lision from a grain path for a central collision (Fig. B1).
Furthermore, b defines the cross section of the collision, if
the grain charges are considered: σcol = pib2. It follows from
equation (B7) that:
1
2
mimj
mi + mj
v2col =
1
2
mimj
mi + mj
|vdust,i − vdust, j |2
b2(
ai + aj
)2 , (B8)
and hence(
vcol
|vdust,i − vdust, j |
)2
=
b2(
ai + aj
)2 . (B9)
Combining equations (B6) and (B9), we get
1 − αq = σcol
pi
(
ai + aj
)2 , and finally (B10)
σcol =
(
1 − αq
)
pi
(
ai + aj
)2
. (B11)
APPENDIX C: FRAGMENTATION THEORY
We follow the fragmentation description of Tielens et al.
(1994), Jones et al. (1996) and Hirashita & Yan (2009).
As for vaporisation, the collisional outcome is evaluated for
grain i only; fragmentation of grain j will be considered if i
and j are exchanged. Two cases can be distinguished then:
18 In SI-units, equation (B2) would transform to Epot,col =
1
4pi0
Qi Q j
ai+a j
.
19 see e.g. https://physics.stackexchange.com/questions/208304/
minimum-hyperbolic-distance-for-rutherford-scattering.
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I. Target ai, projectile aj
At first, the case ai ≥ aj is considered. The mass of dust
grain i that is shocked to the critical pressure for fragmen-
tation by a collision with j is given by
Mshocked =
mj
2σ8/9
l
σ
1/9
r
1 + 2R
(1 + R)9/16
(Mr
Ml
)16/9
. (C1)
Here,
R =
√
siρbulk,i
sj ρbulk,j
(C2)
is a quantity determined by the ratio of the dimensionless
material constants si and sj that give the relation between
the shock velocity and the velocity of the shocked material
in grain i and j, respectively. As collisions of different dust
types are allowed, the bulk densities ρbulk,i and ρbulk, j are
distinguished. In addition, the terms Mr and Ml20 are de-
fined as
Mr = vcolc0,i
(C3)
is the Mach number of the collision velocity vcol correspond-
ing to the speed of sound c0,i in the material, while
Ml =
2Φl
1 + (1 + 4siΦl)1/2
(C4)
is the Mach number corresponding to the critical pressure
Pl,i of the material with the dimensionless quantity
Φl =
Pl,i
ρbulk,ic20,i
. (C5)
σl and σr are Mach number related quantities,
σl =
0.3(si + 1/Ml − 0.11)1.3
si + 1/Ml − 1
, (C6)
σr =
0.3(si + (1 + R)/Mr − 0.11)1.3
si + (1 + R)/Mr − 1 . (C7)
The parameters si, c0,i and Pl,i are listed in Table 2 for car-
bon and silicate materials.
It is assumed that if more than half of the target mass is
shocked the entire target is shattered (total fragmentation),
and otherwise only a fraction of the shocked material mass is
shattered (partial fragmentation, including cratering). The
finally ejected and fragmented mass from grain i is then
mfrag =
{
0.4Mshocked if Mshocked ≤ 0.5mi,
mi if Mshocked > 0.5mi .
(C8)
For the sake of simplicity, the fragmented mass is assumed
to follow a size distribution of compact, spherical grains,
nfrag da = Cfraga
−γfrag da. (C9)
The grain size exponent γfrag commonly takes a value be-
tween 2 and 4 (e.g. Dohnanyi 1969; Jones et al. 1996) and we
20 The indices ‘l’ and ‘r’ in Mr, Ml, σr, σl, Pl and Φl correspond
to the notation in Jones et al. (1996) and Hirashita & Yan (2009).
set γfrag = 3.5. The normalization factor Cfrag is determined
by the fragmented mass,
Cfrag =
mfrag∫ amax,frag
amin,frag
4/3piρbulk,ia3−γfrag da
, (C10)
where amin,frag and amax,frag denote the minimum and
maximum radius of the size distribution of the fragments,
given by
amax,frag =

0.168363
(
mfrag
ρbulk, i
)1/3
if Mshocked ≤ 0.5mi,
0.22 ai
c0, i
vcol
(
mi
m j
)9/16 ( 1+R
(1+2 R)9/16
)
σ
1/2
l
σ
1/16
r Ml
if Mshocked > 0.5mi,
(C11)
and
amin,frag =

(
Pl, i
Pv, i
)1.47
amax,frag if Mshocked ≤ 0.5mi,
0.03 amax,frag if Mshocked > 0.5mi .
(C12)
Here, Pv,i is the critical pressure for vaporisation (Table 2).
In addition to equations (C11) and (C12), a grain remnant
is left if the fragmentation is partial (Mshocked ≤ 0.5mi).
The remnant grain is assumed to be spherical with radius
arem =
(
a3i −
0.3
pi
Mshocked
ρbulk,i
)1/3
(C13)
with respect to mass conservation.
If the fragmentation condition is fulfilled (equation 24),
ncol dust grains are removed from bin i. Using the frag-
mentation size distribution from equation (C9) within the
boundaries amin,frag and amax,frag as well as considering
the dust grain remnant arem (if applicable), the fragments
of the ncol dust grains are placed in the corresponding bins
with mass conservation taken into account (see Section 4.7.2
for the description of assigning grains to a bin).
If amin,frag < amin,abs, the fragmentation distribution
is calculated as in equations (C9) and (C10) but only bins
i ≥ 1 are filled up with the corresponding number of dust
grains. The missing mass is assumed to be destroyed and
transformed into the collector bin 0 (dusty gas). If even
amax,frag < amin,abs (or arem < amin,abs, if applicable), the
whole fragmented mass is destroyed and removed from bin
i, and the corresponding number of atoms/averaged atoms
are placed in the collector bin.
II. Projectile ai, target aj
The second case is ai < aj for which the whole projectile
is assumed to fragment, mfrag = mi . The fragments fol-
low the same grain size distribution as in equations (C9)
and (C10) with minimum and maximum radius according
to equations (C11) and (C12), respectively, based on the
collision quantities of equations (C1)−(C7). Note that con-
trary to Hirashita & Yan (2009) i and j do not have to be
exchanged in these equations to consider this case.
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APPENDIX D: THE IMPACT OF GRAIN AND
GAS CHARGE ON THE SPUTTERING
PROCESS
For the collision of a gas particle of species k with a dust
grain, the energy equations are similar to equations (B2)
& (B3) for grain-grain collisions. However, one of the dust
grains is replaced here by a gas particle. The distance of
the colliders at the moment of collision is the dust grain
radius a, and the reduced mass in equations (B1) & (B3)
is approximated by mgas,k because mgrain  mgas,k . With
Qgrain as the grain charge, z as the average charge number
of the gas particles, and vrel and v as the relative velocity
between gas particle and dust grain at large distances and
at the moment of collision, respectively, the energy equation
(in SI-units) is given by
E =
mgas,k
2
v2rel =
mgas,k
2
v2 +
z eQgrain
(4pi0) a
. (D1)
For cgs-units, the right hand term has to be multiplied by
(4pi0).
APPENDIX E: DUST SURVIVAL FOR AN
INITIAL POWER-LAW DISTRIBUTION
In Section 5 we investigate the dust survival rates for log-
normal initial grain size distributions. Although log-normal-
distributions are favoured by dust formation theories (Todini
& Ferrara 2001; Nozawa et al. 2003), we consider here a
power-law distribution as defined in equation (6). Power-
law distributions have been previously used in the studies of
Nath et al. (2008) and Micelotta et al. (2016). We vary the
minimum and maximum grain size, amin and amax, over a
range of 10 nm − 7µm, respectively, with amin ≤ amax, and
calculate the carbon dust survival rate η for the grain size
exponent γ = 2.5 and 3.5 (Fig. E1). The gas density contrast
between clump and ambient medium is set to χ = 100.
The highest dust survival rates occur again for nar-
row distributions (amin ∼ amax) which are located close to
the diagonal in Fig. E1, where the diagonal (amin = amax)
represents single grain size distributions. Most of the dust
material is destroyed by sputtering if the grain sizes of the
initial distribution are small (a < 100 nm). Initial distribu-
tions with grain sizes larger than ∼ 100 nm and in particu-
lar broad distributions are subject to grain-grain collisions.
Consequently, initial size distributions with medium sized
dust grains (100 − 700 nm) have the highest probability to
survive the passage of the reverse shock. The largest sur-
vival fraction exists for the single grain size distribution with
a = 500 nm (η = 44%). In addition, single grain size distri-
butions with a > 1µm show an increased dust survival rate
due to the low number densities of these grains.
Compared to γ = 3.5, grain size distributions with
γ = 2.5 have slightly smaller chances to survive, as grain-
grain collisions are more frequent due to the greater number
of large grains for the flatter distribution, however, the dif-
ferences in the survival rates are small. In summary, the
survival rates of the power-law distributions peak at simi-
lar dust grain sizes as the rates for log-normal distributions
(150 − 1500 nm; Fig. 19) and show the same trends.
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Figure E1. Same as Fig. 19, only for power-law grain size distri-
butions with minimum and maximum grain size amin and amax,
respectively, and grain size exponent γ = 2.5 (top) and 3.5 (bot-
tom).
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